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Abstract
Particle deposition in the respiratory tract is studied in order to better understand the
negative health effects due to cigarette smoke inhalation. Until recently, idealized
models of the respiratory airways based on the original Weibel model have been used to
calculate deposition. These models consist of symmetric bifurcating airways and do not
take into account variations of airway diameter, and asymmetry in the human respiratory
tract. Until recently, little work has been done to accurately recreate the entire upper
respiratory tract including the oral cavity, pharynx, and larynx. Technological
improvement has changed the way in which researchers approach this problem. With the
advent of high resolution scans of the respiratory tract, accurate replica models can be
created to better predict cigarette smoke particle (CSP) deposition. These models
recreate actual lung geometries found in patients. For this thesis, two realistic geometric
models are created. One is based on an adult male and the other on an adolescent male.
CSP deposition is determined for both models in order to compare the difference cased
by age in smoking. In addition, an unsteady breathing curve, indicative of realistic
smoking behavior is utilized to more accurately represent the breathing conditions. Both
models consist of the oral cavity, throat, larynx, trachea, and first five to seven
generations of the lungs. The adult model is based on a dental cast of the mouth, a CT
scan of the throat and larynx, and images based on the National Institute of Health’s
Visible Human Project for the tracheobronchial tree. The adolescent model is based upon
a scaled oral cavity and CT scans of the rest of the reparatory tract. The program 3D
Doctor is used to reconstruct the two dimensional CT scan images into a three
dimensional model. VPSculpt and SolidWorks are used to combine the different parts of
the models and clean up the geometry. The geometry is meshed in Gambit and exported
to the Computational Fluid Dynamics (CFD) software package Fluent to perform the
fluid flow and particle deposition analysis. The Fluent Discrete Phase Model (DPM) is
used to determine particle trajectories and deposition. It is found that deposition
increases with the size of the inhaled particles. Particles tend to deposit towards the back
of the throat, the area of the trachea just below the glottis, and at bifurcations in the
airways. However, when compared to other studies in literature, deposition tended to be
higher with smaller particle sizes, but more comparable with larger particle sizes.
Adolescent deposition was found to be lower than adult deposition for all particle sizes.
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1 Introduction
1.1 Problem Overview
The American Cancer Society (2010) estimates that in 2010 there will be 277,150
new cases of oral, throat and respiratory tract cancer. In addition, these cancers will be
responsible for 169,550 deaths. In particular, lung and bronchus cancer will account for
161,670 new cases and 157,300 deaths. That is 15% of new cases but 28% of the deaths
due to cancer. Lung cancer has a high fatality rate. In fact, lung cancer accounts for
more deaths than any other type of cancer in both men and women.
Cigarette smoking is a major contributor to all types of cancer in the mouth and
respiratory tract (US Dept of Health and Human Services 2004). From 2000 to 2004,
smoking accounted for approximately 443,000 premature deaths in the United States
(Center for Disease Control and Prevention 2008).
The Center for Disease Control (2004) also reported that while the number of
adolescents who smoke has decreased recently, it is still a major concern. In 1997,
33.4% of high school freshmen reported smoking. In 2003 that number fell substantially
to 17.4%. However, that is still greater than 1 in 6 9th graders exposing themselves to
cigarette smoke. Gold et al. (1996) shows that adolescent smoking somewhat slows
growth of lung function. The study found that the forced expiratory flow decreased by
3.2% in girls and 3.5% in boys for each pack of cigarettes smoked daily. Asgharian et al.
(2004) suggests that morphological differences due to age may contribute to differences
in particle deposition. Lee et al. (1998) performed a study showing that smokers tend to
develop lung cancer more often in the upper lobes of the lungs compared to non-smokers
who have developed lung cancer. Thus it will be helpful to determine where within the
lungs carcinogenic smoke particles deposit.
Until recently, idealized models based on the original Weibel models have been used
to calculate deposition. These models consist of symmetric bifurcating airways and do
not take into account variations of airway diameter, branching angles, or gravity angles,
in a given generation. Recently, technology has improved the way in which researchers
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approach this problem. With the advent of high resolution scans of the respiratory tract,
accurate replica models can be created to better predict cigarette smoke particle
deposition. These models recreate actual lung geometries found in patients. As this field
of research begins to open, there are many holes which need to be filled. One area that is
lacking is in the effects that age plays on deposition in the respiratory tract. For idealized
models, this research has been scarce, but for replica models the research is non-existent.

1.2 Literature Review
Traditionally, geometric models of the upper airways that have been used for
CFD have been significantly idealized.

Many studies have not even taken into

consideration the airways above the trachea such as the oral cavity and larynx. More
realistic models of the oral cavity and larynx have been utilized only recently. As such,
there is only a very small amount of information available about this region, particularly
quantitative data. There remains little agreement in the literature as to what this region of
the airways should look like. Table 1.1 gives information about the various studies which
utilize realistic larynx and oral cavity geometries. The table gives an overview of the
each study including the region which is modeled, the method of obtaining that model,
simplifications used in the model, and whether or not the study records the morphological
measurements in the upper airways.
The trachea and lower airways are a much more defined area in terms of
morphological measurements compared to the oral cavity and larynx regions. Several
studies were found to give suitable geometric dimensions for many of these areas. These
studies are summarized in Table 1.2. In addition, the creation of the airway geometry for
the Visible Human Female, the counterpart of the Visible Human Male, is detailed in
Robinson (2009).

Measurements for the Visible Human Female are recorded for

comparison purposes. Table 1.3 gives information similar to Table 1.2 for adolescents.
It is clear that more work needs to be done in order to properly understand the
morphology of the respiratory tract, particularly for adolescent geometries in the upper
respiratory tract.
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Table 1.1 Realistic upper airway model studies in literature
Authors

Cheng et al.
(1997)

Yu, Zhang, Lessman
(1998)
Entrance of Mouth and
Nasal Cavity to Main
Bronchi Just Below the
Bifurcation
Relaxed Breathing, No
Cartilaginous Rings,
Left/Right symmetry,
Main Bronchi Idealized

Zhou and Cheng
(2005)

Jayaraju et al. (2007)

What is modeled

Entrance of
Mouth to Just
Past Glottis

Simplifications or
assumptions

Unknown, model
details are not
specified

Age and gender

Adult Male

Does Not Say

Method of
obtaining the
model

Dental Cast used
for oral cavity.
Post Mortem Cast
of Larynx region

Based off Teaching
Model from Carolina
Biological Supply
Company. Cast of
model was created then
sliced at 2mm segments
and digitized

CFD or
Experimental?

Experimental

CFD

Experimental

CFD

Measurements of
Upper Airways

Mouth and Larynx
Cross Section and
Perimeter

None

None

None

Deposition Results

None

Ultrafine Particle in Oral
Cavity, Throat, TB Tree

Trachea

Authors

Burnell et al.
(2007)

What is modeled

Entrance of
Mouth to Just
Past Glottis

Nithariasu et al. (2008)
Entrance of Mouth and
Nasal Cavity to Main
Bronchi Just Below the
Bifurcation

Simplifications or
assumptions

Clipped at nasal
cavity

Model Clipped just
above soft pallet

Age and gender

Does Not Say

Middle Aged Woman

Method of
obtaining the
model

Merged data from
20 separate MRI
scans of health
patients

Data from CT scan.
Geometry created in
MIMICS

CFD or
Experimental?

Experimental

CFD

Measurements of
Upper Airways

Glottis Cross
Sectional Area

None

Deposition Results

None

None

Entrance of Mouth
to generations 3-4
Oral cavity inlet
appears to be overly
simplified and
rounded.
Oral cavity Unknown.
Middle Aged adult
male for rest
Oral Cavity created
from Dental Cast.
Rest of model
created from cast of
cadaver. Physical
cast made from
Dow-E silicone
rubber.

Xi and Longest
(2008)
Entrance of Mouth
to generations 4-6
Does not include
epiglottis, lower
branches were
extended in straight
lines from parent
Middle Aged adult
male for
Tracheobroncial Tree
Mouth based on
dental cast, larynx
based on CT scan,
Post-mortem cast of
TB tree. Geometry
Created in MIMICS.
CFD
Mouth and Larynx
Cross Sectional Area
and Perimeter
Ultrafine Particles in
Oral Cavity and
Throat

Entrance of Mouth to
End of Trachea at
Carina
Oval Shaped Mouth
Piece, no nasal
breathing
5 Adult Males

Most Representative
CT scan from 5 male
scans selected. 3D
model created in
Amira 4.0. Mesh
Created in Numeca.

Oral Cavity, Trhoat,
Trachea
Russo Thesis (2008)
Visible Human Female,
Smoking and nonsmoking mouth,
larynx, TB region
Epiglottis present but
idealized

Female, 59 years old

Dental cast of mouth,
cast of larynx,
cryoimage
reconstruction of TB
tree
CFD
Larynx diameters

Oral Cavity, Throat, TB
Tree
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Table 1.2 Summary of adult morphology studies
Authors

Number
of
Subjects

Age (yrs)

Height(cm)/
Weight(kg)

Lung
Inflation

Visible Human Female

1F

58

173/NR

NR

Oliver et al. (2006)

101 M
105 F

60(19)
60(16)

172(8)/74(15)
161(6)/6214)

NR

Eberle et al. (1999)

31 M
18 F

Between 7
and 83

107-189/14-118

NR

71 M
59 F
25 M
25 F

Between 0
and 21

NR

TLC

Adult

NR

NR

12 M
8F
1M

Between 0
and 21
60

NR

NR

NR

TLC

1M

25

NR

5 liters

Weibel (1964)

5M

8, 16, 34,
48, 74

NR

3/4 TLC

Zhou and Cheng (2005)

1M

Adult

NR

NR

CT Scans

Griscom and Wohl (1986)
Vock et al. (1984)
Lung Casts
Phalen et al. (1985)
Yeh and Schum (1980)
Horsfield and Cumming
(1968)
Horsfield et al. (1971)

Excised preserved specimen
100 M
68 (Avg)
164.5/64.8 (Avg)
NR
100 F
NR = not reported, M=male, F=female, parenthesis are STD, TLC=Total lung capacity, dia= diameter,
len=Length, LMB=left main bronchi, RMB=right main bronchi, csa=cross sectional area, Avg=average
Mehta and Myat (1984)

Table 1.3 Summary of adolescent morphology studies
Authors

Number of
Adolescent
Subjects

Age (yrs)

Method

Griscom and Wohl (1986)

6M

14-16

CT Scan of Live
Subject

0-21

Lung Cast

0-30

Lung Cast

12 M
8F
Hofmann (1982)
NR
NR = not reported, M=male, F=female
Phalen et al. (1985)
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1.3 Significance
The models created in this research will be used to fill a gap in the existing
literature. The primary ways in which this work is novel is in the use of unsteady
breathing conditions and in the creation of an adolescent upper airway model. While
other realistic upper airway adult male models do exist, in order to ensure consistency of
approach between adult and adolescent morphologies, a unique adult model was created.
The process used to create the models in this research is similar to that of Robinson et al
(2009). This work can be seen as an extension of that work. While that study created a
model based upon the Visible Human Female, this model is based upon the Visible
Human Male. However, that research lacked an adult to adolescent comparison and
unsteadiness in the breathing condition.

1.4 Scope of Research
Particle deposition in the respiratory tract is studied in order to better understand the
causes of cancer due to cigarette smoke inhalation.

The priority of this research is to

determine where local particle deposition occurs and how it differs between adults and
adolescents using replica models. In order to compare the differences in deposition
between the adult and adolescent, two separate computer models were created. These
geometries were designed to be realistic representations of typical, healthy adult and
adolescent males extending from the oral cavity to approximately the 5th generation of the
lungs. The oral cavity was modeled in a state representing the mouth position during
puffing. A computational fluid dynamics package, Fluent, was used to compute the fluid
flow within the specified geometries. The simulations also take into consideration the
unsteady nature of cigarette smoking by means of an unsteady smoking profile. When
smoking a cigarette, the smoker will inhale in two stages. There will be a slow velocity
puff where smoke is inhaled, followed by a fast velocity inhalation of fresh air. The
results are used to assess the differences between adult and adolescent lung morphologies
with regards to smoke particle deposition.
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2 Geometric Model Creation
2.1 Adult Male Geometry Creation
The adult male model was created from three smaller models: the oral cavity,
larynx, and tracheobronchial tree. The three models were each constructed individually,
using varying techniques, and then combined. Each model had to undergo a process
where the model was created, imported into a program called VPSculpt (VPSculpt,
Colorado), smoothed, decimated, and exported into SolidWorks (SolidWorks
Corporation, Massachusetts). The reason to smooth the model is to reduce artifacts that
may occur from the creation processes. The reason to decimate the model is to reduce
the number of facets. SolidWorks cannot import models larger than 20,000 facets.
However, it is necessary to use SolidWorks in order to convert the shell model into a
solid volume. The process for creating each model is described in the sections below.

2.1.1 Oral Cavity
The oral cavity for the adult male was created using a dental impression of a 22
year old, healthy male volunteer weighing 170 lbs. For this model Aquasil Ultra LV
Smart Wetting Impression Material (Dentsply, York, PA) was used. A one to one
mixture of the base and catalyst materials were combined in a container and inserted into
the volunteer’s mouth. The volunteer simulated an oral cavity position which would
result during smoking by sucking impression material through a standard drinking straw.
The impression material was allowed to sit for one minute until it had hardened. Figure
2.1 shows a picture of the final cast. Once the dental impression was completed, the cast
was digitized using the Model Maker z140 3D Scanner from Rochester Institute of
Technology (RIT) in the Center for Integrated Manufacturing Studies (CIMS). The
resulting .stl file was imported into VPSculpt as a point cloud. VPSculpt reconstructs the
geometry by forming triangular faces from every three adjacent points in the cloud.
When comparing the original cast (Figure 2.1) with the imported model in
VPSculpt (Figure 2.2), there is very little loss of detail. The only noticeable exception is
the hole in the front where the cigarette would be. Since the hole was so deep, shadows
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interfered with the laser scanner’s ability to detect anything. As such, no points were
generated for this area and VPSculpt imported the model to have a flat surface in that
region. The hole was added back into the model and will be discussed in Section 2.1.4.
Once the model was imported into VPSculpt, it was decimated to reduce the total
number of elements. It was not necessary to perform a smoothing operation. The
imported model contained 30,002 vertices and 60,000 facets. The decimated model,
shown in Figure 2.3, contains 6,118 vertices and 13,232 facets. This was done in order to
reduce the number of facets so that the model could be imported into SolidWorks.
Comparing Figure 2.2 and Figure 2.3 reveals a moderate amount of loss in minor details
but the major details have been retained. In general, the decimated model appears to be
smoother than the imported model.

Figure 2.1 Dental cast of oral cavity used for both adult and adolescent models
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Figure 2.2 Model of dental cast from laser Scanner in VPSculpt

Figure 2.3 Oral cavity model after decimation in VPSculpt
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2.1.2 Larynx
In order to create the larynx for the adult model, a black and white CT scan of an
anonymous adult male, age 30, was obtained from Borg and Ide Imaging (Rochester,
NY). The scan contains slices from the nasal cavity to partway through the chest cavity
at 0.7 mm intervals. The images are 750 by 750 pixels with each pixel being 0.33 mm on
end. The original purpose of the scan was to check for a soft tissue mass in the oral
cavity. Thus the larynx and nasal portions are completely healthy.
The slices were imported into a program called 3D Doctor (Able Software Corp.
New York). This program allows the user to create 3D models from 2D image slices.
The program can outline airways using various segmentation methods. For the CT scan
used in this study, the airways are very sharply contrasted with surrounding tissue. As a
result the edge based segmentation method produces a very good outline of the airways.
Figure 2.4 shows a slice with and without the segmentation. Once the airways have been
outlined in each slice, 3D Doctor compiles the images into a 3D shell.

Figure 2.4 Edge based segmentation in 3D Doctor, original image (left) and segmented image with
airway outlined (right)

Figure 2.5 shows the shell model created in 3-D Doctor. The model extends from
partway into the nasal cavity to the beginning of the trachea. It was not possible to get an
accurate representation of the oral cavity. Since the scan was focused on the soft tissue
mass in that area, the images are not sharp enough for accurate segmentation. One
problem encountered in this model is in the epiglottis region. A closer look of the area is
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given in Figure 2.6 and Figure 2.7. The image slices in that region show an incomplete
mapping. The outlines are much more blurry than in other areas. It is unclear exactly
what would cause this. However, this suggests that there may have been movement of
the area during the scan or that the airway may be blocked by mucous or some other
agent. As a result, the geometry of the region is open to some interpretation. Using
medical images (Figure 2.8), it was determined that in order to accurately represent the
region, the hole in the epiglottis would have to be filled. In 3D Doctor, a manual
segmentation method was utilized to outline the entire area of the epiglottis. Figure 2.6
also shows the corrected epiglottis region compared with the uncorrected model.

Figure 2.5 Shell of adult male CT scan larynx created in 3D Doctor using edge based segmentation,
sagittal (left), anterior (center), and posterior (right) views
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Figure 2.6 Epiglottis created by 3D Doctor before (top) and after (bottom) correction, sagittal (left)
and anterior (right) views

Figure 2.7 Image slice in the epiglottis region
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Figure 2.8 Median sagittal section through the oral cavity and larynx with epiglottis region circled
(Rohen, J.W. 2006)

After the shell model was completed, it was then exported as an .obj file into
VPSculpt where it is smoothed and decimated.

The model was smoothed with a

smoothing weight of 1. This means that each vertex is moved to a location that results
from the average of itself and all adjacent vertices, all weighted equally. The imported
model contained 129,316 vertices and 258,623 facets.
contained 9,586 vertices and 19,168 facets.

After decimation, the model

The differences between the original,

smoothed and decimated models can be seen in Figure 2.9. The smoothing process
eliminated some of the ridges caused by the 3D Doctor construction, particularly in the
epiglottis region and at the base of the nasal cavity. The ridges eliminated by smoothing
and decimation are most likely an artifact of the segmentation process. The vertical
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distance between various peaks was measured as 2.85 mm, 2.04 mm, 1.43 mm and 0.67
mm from each other at the base of the nasal cavity and 1.36 mm, 1.42mm, and 0.69 mm
in the epiglottis region. These values are each very close to a multiple of the slice
thickness, 0.7mm. There is little visual difference between the smoothed and decimated
models.

Figure 2.9 Adult larynx model before smoothing (left), after smoothing and before decimation
(center), and after decimation (right)

2.1.3 Tracheobronchial Tree
In order to create the tracheobronchial tree, a set of image slices of the chest
cavity was obtained from the National Library of Medicine’s (NLM) Visible Human
Project (VHP). The Visible Human Project began in 1986 in order to create a full
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anatomical model of a human adult male and female. Normal, healthy male and female
cadavers were selected from a large pool of possibilities, after undergoing a rigorous
selection process.

The process includes a review of medical records, a physical

examination of the cadaver. Any cadavers with infections, disease or that have had any
significant surgery, or had physical distortions were not considered. In the end, only one
cadaver of each gender was chosen to be the Visible Human Male and Female.
Transverse CT and axial MRI scans were performed on each cadaver. Finally, the
cadaver was frozen and photographic images were obtained from the cryosectioned
cadavers. (Spitzer et al. 1996).
The visible human male (VHM) was released in November 1994. The axial MRI
scan produced images slices with 4 mm spacing and 256 by 256 pixel resolution. The
transverse CT images were sliced at 1mm spacing and have a resolution of 512 by 512
pixels. The cryosectioned anatomical images are also spaced at 1mm and have a pixel
resolution of 2048 by 1216. The CT and MRI scans are both 12-bit grey tones while the
cryosectioned images are 24-bit color. There are 1781 image slices for the CT and
cryosection. This results in a height of about 6 feet 1.5 inches. However, these images
show the toes pointing downward. As such the actual height of the man would be a
couple of inches shorter. The cryosectioned images were chosen for use in this work due
to the fact that they contain the highest quality images of the three methods. Due to a file
size of roughly 7.5 megabytes per image, only the first 400 images were obtained from
the NLM, covering from the top of head through the bottom of the lung. The rest of the
images are inconsequential for this study.
The images were imported into 3D Doctor using a RAW file format. The images
then had to be calibrated so proper dimensions could be assigned by 3D Doctor when
creating the 3D model. The slice thickness was set to 1 mm and the pixel size was set to
0.33 mm by 0.33 mm according to the data available from the NLM (U.S. National
Library of Medicine, 2008). The images were then converted to a grayscale since 3D
Doctor is not able to perform edge-based segmentation on color images. Figure 2.10
shows one of the imported slices. This particular image shows the upper portion of the
lungs and the trachea and esophagus.

Figure 2.11 shows the image converted to

grayscale. There were areas where the edge-based segmentation algorithm alone was not
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sufficiently accurate enough. In these cases, the airway edges were manually traced. A
comparison of the edge-based segmentation method with and without manual tracing is
shown in Figure 2.12. In this particular image, the contrast between the trachea and the
esophagus is not distinct enough.

As such, the segmentation includes part of the

esophagus region. This area was removed manually.

Figure 2.10 Individual image slice from Visible Human Male

Figure 2.11 Individual image slice from Visible Human Male converted to grayscale

16

Figure 2.12 Edge based segmentation without (left) and with (right) manual tracing in Visible
Human Male

Once all of the relevant airways were segmented, the program was used to create
a shell model for the trachea and upper generations of the lung. The final model can be
seen in Figure 2.13. The model extends from the trachea just below the glottis to
between the fourth and seventh generations. While the image slices do contain the
anatomy above the trachea, it was deemed that modeling that area would be unrealistic
for purposes of this study. Figure 2.14 shows the throat model obtained from segmenting
images from the VHM. This model compared with the CT scan of the live patient, shows
a drastically thinner airway. This is most likely due to the fact that the VHM images are
taken from a cadaver and that the airways have collapsed somewhat post mortem. This
does not represent a problem, however, for the trachea and upper branches, since rigid
cartilage should retain shape well.
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Figure 2.13 Visible Human Male adult model created by 3D Doctor, anterior (left), sagittal (center)
and posterior (right) views.

Figure 2.14 Throat model created from Visible Human Male

Before the model was smoothed and decimated, it was trimmed to remove
incomplete or unrealistic airways. Figure 2.15 shows a terminating airway trimmed
perpendicularly to create a single flat face to act as the outlet for the model. Since the
VHM slices are vertically oriented, vertical branches tend to be more accurate than
horizontal branches. Thus many of the branches extending out in a horizontal direction

18
were trimmed. In addition, any branches after the sixth generation were trimmed due to
size considerations. The diameters of these branches are on the order of the 0.33 mm
pixel size from the originating images. Thus, their accuracy is suspect. Next the model
was smoothed and decimated. Decimation reduced the model from 67,997 vertices and
135,638 facets to 9,877 vertices and 19,764 facets. Figure 2.16 shows the progression of
the model from before it was trimmed to the final model. The final model is shown in
Figure 2.17. It is clear that some loss in detail resulted during the smoothing and
decimation processes. There are several ridges that appear in the trimmed model that do
not appear in the decimated model (Figure 2.16).

The vertical distance measured

between these ridges varied but the larger ones occurred on random intervals. Since the
slice thickness is 1 mm, it is unlikely that these ridges occurred due to the segmentation
process. It is very likely that these ridges are cartilage rings in the trachea. However, due
to the necessary smoothing and decimation process, these morphological features were
mostly lost. Russo and Robinson (2008) concluded that the presence of cartilage rings
could increase tracheal deposition by 12-25%, depending on the particle size and flow
rate. However, that study assumed a worst case scenario with large, sharp cornered rings.
It should then be expected that for this study, the effect of removing the rings should be
smaller than the values reported in that study.

Figure 2.15 Terminating airways of adult model before (left) and after (right) trimming
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Figure 2.16 Progression of Visible Human Male model from original (top left) to trimmed (top right)
to smoothed (bottom left) to decimated (bottom right)

Figure 2.17 Final tracheobronchial tree model form Visible Human Male, anterior (left), sagittal
(center), and posterior (right) views
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2.1.4 Combine models
The oral cavity, larynx, and tracheobronchial tree then had to be assembled to
form one continuous model. Each of the individual models was exported from VPSculpt
as .stl files. These files were then imported into SolidWorks and converted into solid
volumetric models. In order to judge the relative positions of each model in relation to
one another, a rough model of the oral cavity and trachea were created from the original
CT scan and were added to the larynx model. It can be seen in Figure 2.18. This model
was also imported into SolidWorks and served solely as a reference to show where the
three models lie anatomically in relation to one another. Once the three models were in
place, the placeholder was removed and the three models were combined into one
volume.
Since the three models all come from different subjects, it is expected that there
would not be completely smooth transitions where the models meet. A small amount of
material was added or removed to allow the geometries to transition smoothly.

In

addition, since the nasal cavity is incomplete, this portion of the model was removed.
The oral cavity splits off from the nasal cavity at a shallow angle. It is assumed that
during the smoking maneuver, inhalation occurs at the oral cavity only. A cut was made
following this angle to the back of the throat. Any part of the model posterior to the soft
palate and uvula was removed. Figure 2.19 shows a comparison of the imported oral and
nasal cavities and the cleaned up oral cavity with the nasal cavity removed. Figure 2.20
shows a comparison of the imported trachea and the cleaned up trachea. Finally, a
cylindrical hole, 8.2 mm in diameter, was added at the oral cavity to act as the inlet to the
model where the cigarette would be (Figure 2.21). The comparison of the imported and
final models is shown in Figure 2.22. The final model was exported as a .step file and
imported into Gambit for mesh creation, which is discussed in Chapter 4.
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Figure 2.18 Placeholder model from adult CT scan to determine rough locations of anatomy relative
to each other

Figure 2.19 Comparison of adult oral and nasal cavities before (left) and after (right) removal of
nasal cavity
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Figure 2.20 Comparison of adult trachea before (left) and after (right) smoothing the geometry

Figure 2.21 Oral cavity used for adult and adolescent geometry before (left) and after (right) the inlet
is added
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Figure 2.22 Comparison of combined adult model before (left) and after (right) smoothing transition
areas and removing nasal cavity

2.2 Adolescent Male Geometry Creation
The adolescent geometry was created in a similar manner as the adult geometry.
The oral cavity, larynx and tracheobronchial tree measurements were created separately,
smoothed and decimated in VPSculpt and combined in SolidWorks. The larynx and
tracheobronchial trees were created from an adolescent CT scan. The scan was obtained
from Strong Memorial Hospital Pediatric Ward. In order to have a mouth that simulated
the smoking geometry, the oral cavity used in the adult model was scaled and combined
with the larynx and tracheobronchial trees to create the final model.
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2.2.1 Larynx and Tracheobronchial Tree
The larynx and tracheobronchial tree were created from a CT scan of a 14 year
old male. Only the midsection data was available from the CT scan so an accurate height
of the adolescent could not be determined. The purpose of the scan was to observe an
intrathoracic mass in the patient. The mass did not appear to be obstructing the lungs or
airways in any way. Two separate scans were taken, one of the neck and one of the
chest. The scan of the neck was performed with the arms down at the side of the body
while the scan of the chest was done with the arms up and extended over the head. This
was done to reduce artifact in the scans. There is an overlap in the two scans at the top of
the trachea starting from the base of the glottis and extending about 10 mm. The neck
scan begins partway through the nasal cavity and extends to about 10 mm below the
glottis. The CT scan is grayscale. The image slices are spaced at 1 mm intervals and
each pixel is 0.477 mm. The chest scan extends from the base of the glottis through the
chest cavity. The scan is grayscale with a spacing of 1 mm. The pixel size is 0.644 mm,
thus giving a slightly coarser image than the neck scan.
Since the pixel size for the two scans is different, the images were not combined
into a single set of images and two models were created: the larynx model from the neck
scan and the tracheobronchial model from the chest scan. Both models were created in
3D doctor. The images were segmented and two 3D models were created. The models
were imported into VPSculpt as .obj files.
Figure 2.23 shows the imported larynx model. The imported model contained
102,694 vertices and 205,392 facets. Both the nasal and oral cavities can be seen in the
sagittal view. However, neither portion is complete. The images of the nasal cavity did
not extend far enough to include the entire cavity. The oral cavity seen in this figure is
very narrow. This is probably due to the mouth being closed while the patient breathed
through the nose. This mouth created from the scan is not suitable for that of a smoker.
As such, the oral cavity discussed in the next section will be used for the combined
model. Since the nasal and oral cavities were not used, they were removed from the
model. Figure 2.24 shows the larynx with these two sections absent. The removal
resulted in a model containing 22,913 vertices and 45,822 facets. Next the model was
smoothed and finally decimated. The smoothed model can be seen in Figure 2.25. The
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smoothing is necessary to reduce any artifacts that may occur in the segmentation
process. All major details were preserved. Smoothing does not alter the number of
vertices or facets. Figure 2.26 shows the model after it has been decimated. SolidWorks
has an import limit to the number of facets of 20,000.

The decimated model contains

9,755 vertices and 19,506 facets. The decimated model appears more rounded and
smooth than the smoothed model. There is some loss of minor detail but all major detail
is preserved.
The adolescent larynx model created here has a few distinct features. The flanged
area posterior to the epiglottis is more pronounced than in the adult counterpart. This
region is most likely parts of the oropharynx and the beginnings of the esophagus. It is
uncertain how open these areas are during smoke inhalation. As such, the areas created
from the CT scan are retained. In addition, the glottis in the adolescent model is thicker
and not elongated like in the adult model. One last feature to note is the protrusions
extending from the glottis. These were not observed in the adult model. These are
known as vestibular folds or false vocal chords. They are small airspaces located just
below the true vocal chords. The vestibular folds are also featured in the model of
Robinson (2009).

Figure 2.23 Adolescent larynx model created in 3D Doctor, sagittal (left) and posterior (right) views
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Figure 2.24 Adolescent larynx model with nasal and oral cavities removed sagittal (left), anterior
(center) and posterior (right) views

Figure 2.25 Adolescent smoothed larynx model, sagittal (left), anterior (center) and posterior (right)
views
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Figure 2.26 Decimated adolescent larynx model, sagittal (left), anterior (center) and posterior (right)
views

The segmented tracheobronchial tree can be seen in Figure 2.27. Many of the
airways are unsuitable for creating an accurate model. Since the pixel resolution of the
original scan is 0.644 mm, any airways on that scale must be trimmed due to possible
errors. In addition, airways that look incomplete or deformed in any way must also be
removed. Figure 2.28 shows the model after it has been trimmed. Before trimming, the
model contained 57,234 vertices and 114,272 facets. After trimming the model contained
28,009 vertices and 56,014 facets.

The trimmed model contains between 3 to 7

generations depending on how large the airways were. Once the model was trimmed it
had to be smoothed to reduce any artifacts from the segmentation process. The smoothed
model can be seen in Figure 2.29. After smoothing the model was decimated to reduce it
to below 20,000 facets. Figure 2.30 shows the decimated model. It contains 9,795
vertices and 19,586 facets. Both the smoothed and decimated models show some loss of
minor details but all major details are preserved. One noticeable difference between the
adult and adolescent tracheobronchial trees is the concavity of the back of the trachea.
The adult model is slightly concave along the entire length while the adolescent model
does not show the same. The adolescent model has a small indentation towards the top of
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the trachea but the rest is more rounded. The other difference between the two models is
in the angle of the trachea. The adult model has a much more pronounced angle while
the adolescent model is much more vertical. The reason for this is unknown but it could
have to do with the orientation of the patient during the scanning and freezing processes.

Figure 2.27 Segmented adolescent tracheobronchial tree model, sagittal (left), anterior (center) and
posterior (right) views

Figure 2.28 Trimmed adolescent tracheobronchial tree model, sagittal view with posterior end to the
left and anterior end to the right (left), anterior view (center) and posterior view (right)
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Figure 2.29 Smoothed adolescent tracheobronchial tree model, sagittal (left), anterior (center) and
posterior (right) views

Figure 2.30 Decimated adolescent tracheobronchial tree model, sagittal (left), anterior (center) and
posterior (right) views
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2.2.2 Oral Cavity
Much like the adult model, the oral cavity required for the adolescent model must
be one that simulates the geometry a smoking mouth. Since no appropriate adolescent
oral cavity could be obtained, the adult oral cavity model was scaled and used for the
adolescent model. The original oral cavity model was overlaid onto the oral cavity
created from the adolescent CT scan (Figure 2.31). Using a visual comparison, the adult
oral cavity was scaled so that it matched up with the adolescent oral cavity from the CT
scan in terms of location of the front of the mouth and the anterior end of the back of the
throat, since there is no nasopharynx in the dental cast model. In Figure 2.31, the dental
cast model extends slightly beyond the length of the CT scan model. In Figure 2.32 the
two models line up on both ends. The front of the hard palettes line up reasonably well.
The final scaling factor selected was 0.9. Thus, the adolescent oral cavity is 10% smaller
than the adult oral cavity. This oral cavity was combined with the larynx model with the
original oral cavity removed. In addition, once the model was scaled down, the hole that
represents the inlet was redone so that the cigarette diameter remained 8.2 mm.
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Figure 2.31 Adolescent CT Scan model with mouth closed (top) and unscaled adult oral cavity with
mouth in smoking position (bottom)

Figure 2.32 Adolescent CT Scan model with mouth closed (top) and scaled adult oral cavity with
mouth in smoking position (bottom), black lines show points of alignment
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2.2.3 Combine models
The three models (oral cavity, larynx, and tracheobronchial tree) were combined
into one single smoothly transitioned model in SolidWorks.

Since the larynx and

tracheobronchial tree models originated from the same patient, and since the geometry
that is included in each model overlaps, creating a unified model from these two required
no work beyond simply positioning them to overlap. Figure 2.33 shows the overlap area
of the two scans after they have been combined. The two geometries form a very good,
seamless merger. Attaching the oral cavity, however, required a bit more work since the
oral cavity used comes from a different model. The scaled oral cavity was positioned
where the original oral cavity was located in the CT scan. However, in order to create a
smooth transition, this portion of the model was exported back into VPSculpt, since it is
significantly easier to smooth out portions of the model. In addition, a small portion from
the reconstructed CT scan of the throat was trimmed and filled in to make the area
smooth. This area is circled in Figure 2.34. Once the model was smoothed and trimmed,
it was imported into SolidWorks and recombined with the rest of the model. Images of
the models before and after this process can be seen in Figure 2.34 and Figure 2.35 of the
top view and bottom view, respectively.

Figure 2.33 Merging of adolescent larynx and tracheobronchial tree, anterior (left) and posterior
(right) views
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Figure 2.34 Top View of adolescent throat model before (top) and after (bottom) smoothing in
VPSculpt, circled section was trimmed to create smooth transition

Figure 2.35 Bottom view of adolescent throat model before (left) and after (right) smoothing

Lastly, it was necessary to trim the ends of the airways so that there is a well
defined outlet face. For this operation, a cut perpendicular to each airway was made in
SolidWorks. Figure 2.36 shows an example of this cut on two of the terminating airways.
The final model can be seen in Figure 2.37.
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Figure 2.36 Terminating airways before (left) and after (right) trimming

Figure 2.37 Final adolescent model, sagittal (left), anterior (center) and posterior (right) views
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3 Geometry Measurement and Validation
3.1 Adult Model
After the model was fully constructed, it was necessary to verify that the model was
accurate. Checking the model accuracy occurred in two stages. The first stage was to
compare the model with the images that it was obtained from in order to ensure that
significant changes did not occur during the smoothing and decimation processes. The
second stage was to compare the measurements of the model to those found in literature.
3.1.1 Adult Model Comparison to Original Images
In order to ensure that the decomposition and smoothing operations performed in
VPSculpt did not significantly alter the dimensions of the model, the measurements from
SolidWorks are compared to measurements of the original image slices in 3-D Doctor.
The top of the SolidWorks model corresponds with the top image in 3D Doctor. Using
the number of image slices and the slice thickness it is possible to match the location at
which the SolidWorks model is cut to the image slice in 3D Doctor. Measurements were
performed at several locations along the model’s length. The measurements were taken
either anteroposteriorly or transversely. All measurements were taken at lengths that are
easily identifiable in order to limit measurement error caused by the user. The solid
model was measured by SolidWorks by selecting the points along the model wall. The
original images were measured with an in program measurement tool. The user must
select the proper locations along the segmented edge. However, the user error associated
with this process is minimal, at most a single pixel (0.33 mm).
First the larynx was measured at both the glottis and the throat just below where
the oral cavity attaches. The glottis was measured at a distance of 42 mm from the base
of the larynx model, which corresponds to the 60th slice (Figure 3.1). The anteroposterior
diameter was measured at 5.53 and 5.61 mm for the SolidWorks model and the original
image, respectively, for a difference of 0.082 mm (1.46%). The transverse diameter was
measured to be 6.21 and 6.03 mm for the SolidWorks model and the original image in 3D
Doctor, respectively, for a difference of 0.18 mm (2.92%). The throat was measured at a
distance of 112 mm which corresponds to the 160th slice (Figure 3.2).

The
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anteroposterior diameter was measured to be 5.541 in the SolidWorks model and 5.26 in
the original image, respectively, for a difference of 0.29 mm (5.16%). The transverse
diameter was measured to be 8.471 and 8.465 mm for the SolidWorks model and the
original image, respectively, for a difference of 0.006 mm (0.07%).

Figure 3.1 Measurement of the glottis before (left) and after (right) model creation

Figure 3.2 Measurement of the throat before (left) and after (right) model creation

37
Next the trachea model was measured at several locations along the length. The
first measurement was made at a distance of 5 mm from the top of the trachea, which
corresponds to the fifth slice (Figure 3.3). The anteroposterior diameter was measured at
18.84 and 18.94 mm for the Solidworks model and the original image, respectively, for a
difference of 0.01 mm (0.51%). The transverse diameter was measured to be 16.42 and
16.31 mm for the SolidWorks model and the original image, respectively, for a difference
of 0.11 mm (0.66%). The second measurement was made at a distance of 30 mm from
the top which corresponds to the 30th slice (Figure 3.4). The anteroposterior diameter
was measured to be 19.57 in the SolidWorks model and 19.13 in the original image for a
difference of 0.44 mm (2.25%). The transverse diameter was measured to be 21.09 and
21.08 mm for the SolidWorks model and the original image, respectively, for a difference
of 0.01 mm (0.02%). The third measurement was made at a distance of 55 mm from the
top which corresponds to the 55th slice (Figure 3.5). The anteroposterior diameter was
measured to be 17.84 in the SolidWorks model and 18.20 in the original image for a
difference of 0.34 mm (1.93%). The transverse diameter was measured to be 15.74 and
16.08 mm for the SolidWorks model and the original image, respectively, for a difference
of 0.34 mm (2.11%). The final measurement was made at a distance of 80 mm from the
top which corresponds to the 30th slice (Figure 3.6). This is the location just before the
trachea branches into the main bronchi.

Due to the geometry two anteroposterior

measurements were taken, in addition to the transverse measurement.

The first

anteroposterior diameter was measured to be 15.07 mm in the SolidWorks model and
15.27 mm in the original image for a difference of 0.20 mm (1.32%). The second
anteroposterior diameter was measured to be 13.48 mm in the SolidWorks model and
13.09 mm in the original image for a difference of 0.39 mm (2.93%). The transverse
diameter was measured to be 20.10 and 20.58 mm for the SolidWorks model and the
original image, respectively, for a difference of 0.48 mm (2.33%).
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Figure 3.3 Measurement from 5 mm from top of trachea before (left) and after (right) model creation

Figure 3.4 Measurement from 30 mm from top of trachea before (left) and after (right) model
creation
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Figure 3.5 Measurement from 55 mm from top of trachea before (left) and after (right) model
creation

Figure 3.6 Measure 80 mm from top of trachea before (left) and after (right) model creation

In general, the measurements show good agreement. Only a few measurements
are above even the size of a single pixel (0.33 mm) from the original images. These
larger discrepancies typically take place in areas where there is an inward curvature. The
smoothing and decimation processes seem to have had a flattening effect. As such, area
where the geometry curves back in on itself tends to flatten out causing a larger
measurement in that area.
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3.1.2 Adult Oral Cavity and Larynx Comparison to Literature
Since there is no measurement data for most of the models in literature, only
visual comparisons can be made with most studies. In addition, no models in literature
use an oral cavity during a smoking state to make an accurate comparison to the model in
this study. Yu, Zhang and Lessmann (1998) created an early, somewhat realistic model
based on the sample nasal and oral cavity and laryngotrachea model used in medical
schools. There is no quantitative data given for this model’s geometry but Figure 3.7
shows a visual of the resulting geometry compared with the model used from this study.
It is clear that this model is still idealized in many ways but it is a significant
improvement over its predecessors. The oral cavity in the Yu et al. model does not have
a clear front where the teeth and lips would be located. The larynx and glottis regions are
thicker in the Yu et al. model than is the model used for this study.

In addition, the

trachea in the Yu et al. model does not bend at an angle after the glottis as it does in the
model used for this study.

Figure 3.7 Models used in Yu, Zhang and Lessman (1998) (left) and this study (right)
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Jayaraju et al. (2007) created one of the first replica models to be used in CFD
(Figure 3.8). The geometry is based on 5 different CT scans. The scan was performed
while an oval shaped mouth piece was in the subject’s mouth. The features of each scan
were merged together to create one ―average‖ model. No quantitative data exists for this
model. Comparing this model to my model shows many comparable features. The
glottis from this model seems to be thin and drawn out over a small distance like in my
model but also appears thicker in this model. Another prominent feature visible in the
Jayaraju model is the flanged area posterior to the epiglottis. This area is most likely part
of the nasopharyx.

The flanged opening directly above the glottis appears in both

models; however this area is larger in the Jayaraju model. The upper part of this region
did not appear in the CT scan used for the model in this study. It is unclear why this area
would be closed off in the CT scan used for this model but it is realistic to assume that it
has minimal affect on the deposition in the region. The deposition is governed by
impaction, and will primarily occur in the back of the throat, not off to the sides where
the flanges exist. The mouth from this model appears to be unrealistic. The oral cavity
airway appears to be more constricted than that of the model used in this study. The CT
scan data from my model had problems accurately depicting this region and I will assume
that the mouth model I am using, which is based on a dental cast, is more accurate.

Figure 3.8 Model used in Jayaraju et al (2006) (left) and this study (right)
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Nitharasu et al (2008) created another larynx model for CFD purposes (Figure
3.9). This model is completely based upon a CT scan. No quantitative data is given for
this model. The image quality is poor but some of the features can be easily seen. The
epiglottis from this model is very similar to the epiglottis from my model. The glottis
region can be seen in this geometry but it does not make a stark contrast with surrounding
airways like in other models. It is also difficult to make an accurate analysis of the oral
cavity.

Figure 3.9 Model used in Nitharasu et al. (2008) (left) and this study (right)

Xi and Longest (2008) created another realistic model (Figure 3.10). The oral
cavity geometry is based upon the work of Cheng et al. (1997). The mouth region is
similar to the one created in my model except for the wider, more circular opening. The
mouth from Xi and Longest is not indicative of a mouth in the smoking position. The
larynx and pharynx were created using a CT scan performed by Xi and Longest.
Quantitative data was given for the cross sectional area of the glottis region. The glottis
region is clearly defined and was measured to be 0.87 mm2 in cross sectional area. The
cross sectional area of the glottis of my model was measured to be 0.50 mm2. However,
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no epiglottis can be seen in this model. The tracheobronchial tree was based upon a CT
scan of a post mortem cast of the region. The tracheobronchial regions of the two models
are comparable. It is difficult to make a more detailed analysis.

Figure 3.10 Model used in Xi and Longest (2008) (left) and this study (right)

Cheng et al. (1997) created a geometry based on a dental cast of a male oral
cavity and a post mortem cast of the larynx region. No images of the geometry are given
other than a schematic drawing but quantitative measurements of the oral cavity and
larynx are given. Vertical slices of the oral cavity and horizontal slices of the larynx
were taken in order to measure the cross sectional area and the perimeter. Figure 3.11
shows the locations of the measurement cuts from the model of Cheng et al. and the
model used in this study.
Table 3.1 show the quantitative comparison of the mouth model used in this study
to that of Cheng et al. (1997). Comparing the oral cavities shows that the mouth used in
this study is a bit smaller than that of the Cheng model. In addition, the oral cavity
entrance is significantly smaller. The difference is that the oral cavity in this study is
simulating a smoking position. This would account for the much smaller entrance.
However, the general progression of size is preserved in both models. With the largest
part of the model coming in the middle of the mouth and shrinking as you progress
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towards the throat. It is also of note that the throat of the model from this study is much
smaller than that of the Cheng model as well.
The larynx for both models was measured starting from the top of the pharynx
and ending at the top of the trachea. The top of the pharynx is taken to be the area where
the airway in the back of the throat straightens out. Like with the oral cavity, the throat
of the Cheng model is larger. However, the model from this study quickly increases in
size and surpasses the Cheng model in the epiglottis region. From the data, it would
seem that the Cheng model does not increase in size significantly in this region. Both
models decrease in size at the glottis. However, the size decrease is much more dramatic
in the model used in this study. At the thinnest cross sections, this model was measured
to be 0.37 mm2 compared to the measurement given for the Cheng model of 0.87 mm2.
In addition, the glottis remained at a smaller diameter for several millimeters whereas the
Cheng model immediately increased in size. Table 3.2 gives the comparison of the
measurements.

Figure 3.11 Location of vertical cuts in the oral cavity and horizontal cuts in the larynx in the models
used by Cheng et al. (left) and this study (right)
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Table 3.1 Model comparison to Cheng et al (1997) airway measurements (oral cavity)

This Study
Distance from
entrance of oral
cavity (mm)
6
12
18
24
30
36
42

Cross Sectional
Area (mm2)
174
499
774
666
482
344
211

Perimeter
(mm)
76
87
104
104
109
109
103

Cheng et al. (1997)
Cross Sectional
Area (mm2)
726
792
828
785
707
644
522

Perimeter
(mm)
133
162
180
187
186
163
118

Table 3.2 Model comparison to Cheng et al (1997) airway measurements (larynx)

Distance from top
of larynx (mm)
12
18
24
30
39
48
54
57
69
75

This Study
Cross Sectional Perimeter
Area (mm2)
(mm)
123
43
145
48
220
63
350
78
212
76
103
39
37
22
35
22
72
33
196
55

Cheng et al. (1997)
Cross Sectional Perimeter
Area (mm2)
(mm)
332
100
241
67.9
269
69.4
288
72.6
184
57.6
147
51.9
87
42.6
115
45
172
50.2
171
49.6

The Zhou and Cheng (2005) replica model was created from a dental
cast of the oral cavity and a post mortem cast of a cadaver. No picture of the
geometry was reported and no measurements of the oral cavity or larynx were
reported. However, this model does give length and diameter measurements
and experimental deposition results. Therefore, it will used as a comparison
for the tracheobronchial tree in Section 3.1.4 and as a comparison for the
deposition in Chapter 6.
Burnell et al (2007) created another replica model based upon 20 MRI
scans. The purpose of the study was to determine the effectiveness of drug
delivery systems.

The data from the scans were averaged to create the
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geometry shown in Figure 3.12. The oral cavity of this model is comparable
to that used in this study except that our model has a more rounded look to it.
The epiglottis region in the Burnell model protrudes more horizontally than in
my model. The Burnell model gives several measurements. The glottis in the
Burnell model was measured to be 127 mm2 at its smallest cross section.
However, the samples ranged in size from 62 mm2 to 241 mm2. The entire
range is larger than that of the model used in this study.

Figure 3.12 Model used in Burnell et al (2007) (left) and this study (right)

3.1.3 Measurements of the Adult Tracheobronchial Tree
Measurements of the diameters, cross-sectional areas, and lengths of the airways
were recorded wherever possible. In order to properly measure diameters, several cross
sections of the trachea, main and lobar bronchi were taken perpendicular to the airway
being measured since these regions do not have a consistent cross section throughout the
entire length. Longer airways were sampled at more locations. The three measurements
of the trachea and main bronchi are recorded in Table 3.3 and the two measurements of

47
the left lobar bronchi are recorded in Table 3.4. The right lobar bronchi were short
enough to warrant only one measurement. All further generations were measured at one
location and recorded in

Table 3.5. The airway identification has been previously described in Robinson
and Russo (2009).
In addition, none of the airways are completely circular. The trachea and main
bronchi display a distinctly longer transverse diameter and a shorter anterior posterior
diameter. The transverse and anterior posterior diameters were measured at each cross
section. Since the orientation of each airway beyond the main bronchi is more random, a
long and short diameter was taken for these measurements. These diameters are defined
as the longest and shortest possible straight lines traveling through the center point of the
airway.

Table 3.3 Diameter and length of trachea and left and right main bronchi

Measurement 1
Measurement 2
Measurement 3
Average
STD
Length

Trachea (mm)
Tr
Ap
17.50
17.71
21.65
19.90
17.78
16.21
18.98
17.94
2.32
1.86
122.20

LMB (mm)
Tr
Ap
12.15
10.24
11.30
9.25
11.12
10.09
11.52
9.86
0.55
0.53
47.45

Table 3.4 Diameters of left lobar bronchi

Measurement 1
Measurement 2
Average
STD
Length

Left Superior
Lobar Bronchus
(mm)
long
short
11.68
8.45
10.46
7.90
11.07
8.18
0.86
0.39
13.50

Left Inferior
Lobar Bronchus
(mm)
long
short
7.78
6.31
7.86
7.63
7.82
6.97
0.06
0.94
6.87

RMB (mm)
Tr
Ap
12.79
13.69
13.30
14.42
14.60
12.45
13.56
13.52
0.93
1.00
16.96
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Table 3.5 Diameter, lengths, cross sectional areas and perimeters for generations 2 to 7

Airway Number
Generation 2
111
(RSLB) 112
(LSLB) 121
(LILB) 122
Average
STD
Generation 3
(RILB) 1111
(RMLB) 1112
1121
1122
1211
1212
1221
1222
Average
STD
Generation 4
11111
11112
11121
11122
11211
11212
11221
11222
12111
12112
12121
12122
Average
STD
Generation 5
112111
112122
112121

Long
diameter
(mm)

Short
diameter
(mm)

13.19
10.75
11.07
7.82
10.71
2.21

10.77
7.65
8.18
6.97
8.39
1.66

Length
(mm)

Cross
sectional
area
2
(mm )

Perimeter
(mm)

28.26
9.92
13.50
6.87
14.64
9.48

117.91
57.77
69.96
48.28
73.48
30.92

39.01
27.47
30.81
25.03
30.58
6.10

9.09
6.75
7.13
2.96
6.48
5.43
5.47
3.24
5.78
2.01

7.20
6.44
7.03
2.22
5.90
4.57
4.72
2.41
5.10
1.98

5.54
15.59
2.25
7.16
7.56
6.14
9.63
8.15
7.75
3.84

55.64
33.76
40.38
5.27
28.85
19.20
20.26
5.94
26.16
17.17

26.94
21.08
23.64
8.40
19.23
16.03
16.17
8.92
17.55
6.58

7.52
3.16
4.48
2.74
4.06
3.09
2.16
1.58
3.62
2.95
2.32
2.36
7.59
4.29

6.32
2.46
3.39
1.89
3.59
2.90
1.39
0.78
3.29
2.81
1.94
1.82
4.33
3.31

4.73
7.79
--12.86
17.35
11.25
----4.95
8.04
6.48
--8.85
4.19

38.91
6.24
12.34
4.21
11.44
7.60
2.40
0.94
9.35
5.96
3.66
3.26
31.71
10.94

22.63
9.13
12.81
7.60
12.36
9.92
5.74
3.79
10.96
8.81
6.95
6.56
21.06
12.06

2.67
3.18
2.27

2.26
1.71
2.51

-------

4.83
4.32
4.51

7.99
7.98
7.67
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112112
111111
111112
111221
111222
122111
122112
121121
121122
121111
121112
121211
121212
Average
STD
Generation 6
1111111
1111112
1111121
1111122
1221111
1221112
Average
STD
Generation 7
11111111
11111112
Average
STD

1.48
6.01
3.64
3.33
2.37
4.27
2.87
2.72
1.89
3.61
2.52
2.22
2.03
2.94
1.09

1.15
5.49
2.67
2.08
1.43
3.96
2.88
2.08
1.51
3.00
2.48
2.14
1.54
2.43
1.08

--2.86
10.83
----8.41
--------------7.36
4.09

1.27
26.15
7.81
4.96
2.50
13.43
6.84
4.02
2.06
8.84
4.46
3.89
2.34
6.39
6.07

4.14
18.32
10.26
8.66
6.10
13.16
9.46
7.42
5.31
10.82
7.77
7.20
5.64
8.62
3.42

5.81
1.96
2.45
2.03
3.00
2.32
2.93
1.46

4.85
1.49
1.14
1.23
2.67
1.61
2.17
1.43

4.22
---------------

21.65
2.34
2.53
1.80
6.43
3.13
6.31
7.69

16.75
5.67
6.15
5.31
10.50
6.55
8.49
4.46

3.67
3.32
3.49
0.25

2.75
2.42
2.59
0.24

---------

8.11
6.29
7.20
1.28

10.44
9.16
9.80
0.90

In order to measure the length of an airway, a line was drawn from the apex of the
bifurcation and extending normal to the airway wall for each daughter branch. A line
was drawn connecting the endpoints opposite the apex of the branching. This method
created a triangle at each branch in the airway model. Figure 3.13 shows a visual of this
method. The length was recorded as the distance from the midpoint of one of these lines
to the midpoint of the next. The trachea was measured starting from the end of the glottis
opening to the beginning of the first bifurcation. The only airway that required special
attention was the left main bronchus. This airway shows significant curvature. Thus the
line used to measure the airway was not straight but rather an arc (Figure 3.14). The
endpoints in this figure are given such that they line up with the triangular bifurcation
shown in Figure 3.13 and a similar bifurcation on the lower airway. The lengths of
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terminal airways were not measured since these airways were trimmed and no complete
length can be measured.

Figure 3.13 Breaking up of individual airways
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Figure 3.14 Measurement arc of LMB

3.1.4 Adult Tracheobronchial Model Comparison to Literature
Figure 3.15 shows the comparison of the trachea and left and right main bronchi.
Tabulated measurement data may be found in Appendix B. Only some studies measured
both a transverse and anterior posterior diameters. The other reported studies show only
an average diameter for the airway. From this graph it can be seen that there is some
disagreement in the diameter of the trachea. Values range from about 14 mm in Griscom
and Wohl (1986) to 20.1 mm in Yeh and Schum (1980). The trachea measurements from
this study fall within one to two standard deviations of all measured studies except for
Griscom and Wohl (1986). The transverse and anterior posterior diameters given for
most studies show a nearly circular shape. However, the Visible Female shows a more
elliptical shape with the length transverse diameter being much larger than that of the
anterior posterior diameter. There is significantly less data available for the diameters of
the main bronchi. From Figure 3.16, it is seen that the measurements of the left main
bronchus are very close to the values obtained in literature while the right main bronchi
reports values slightly higher than the literature. For comparison purposes the Visible
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Female airway measurements are also reported. They appear to be more elliptical while
the Visible Male airways are nearly circular.
Figure 3.16 shows the lengths of the trachea and main bronchi. It is unclear
where the datum used for measurements lies in each of the reported studies. This could
account for some of the variation in reported lengths. The measurement of the VHM of
108 mm falls slightly to the higher end of the range of 77.8 mm to 120 mm found in the
literature. In addition, the left main bronchus falls towards the maximum value found in
the literature of 50 mm and the right main bronchus was measured to be slightly higher
than the highest reported value of 26 mm. Understandably, the lengths of all of these
airways were found to be larger than the corresponding lengths of the visible female.

Figure 3.15 Diameters of trachea, LMB and RMB in literature
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Figure 3.16 Lengths of trachea, LMB and RMB in literature

Lobar bronchi lengths and diameters are reported for Weibel (1964), Horsfield
(1971), Yeh and Schum (1980) and Phalen et al. (1985). Only Horsfield et al. (1971) has
reported measurements for the lobar bronchi for a non-symmetrical model. The rest used
symmetrical models. As such all of the diameters and lengths are the same for all of the
lobar bronchi. Figure 3.17 shows the comparison of these Lobar Bronchi diameters to the
Visible Human Male and Female.

Figure 3.18 gives the comparison of the Lobar

Bronchi lengths to those of the Visible Human Male and Female. The values recorded in
literature vary widely. However, the values measured for the VHM fall between the
largest diameter, reported from Yeh and Schum (1980), and the smallest diameter,
reported by Horsfield (1971). In addition, the diameters of the VHM are larger than
those of the VHF. The lengths reported for the VHM are shorter than any of the four
studies listed. However, the lobar bronchi for the VHM are longer than those of the VHF
for all airways other than the Left Inferior Lobar Bronchus.
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Figure 3.17 Diameters of lobar bronchi in literature

Figure 3.18 Lengths of lobar bronchi in literature

Since the number of airways increase exponentially as the generation increases,
most of the models in literature use average dimensions for the generations after the main
bronchi. Therefore, the averages of each generation from two through seven will be used
for comparison. The studies that will be used for comparison are Weibel (1964), Yeh and
Schum (1980) and Phalen et al. (1985). In addition, the Visible Human Female will be
present in the data tables as well. The VHM and the VHF data are obtained from
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averaging all measured airways. Figure 3.19 shows the comparison of the diameters of
the lower generations compared to literature. Figure 3.20 show the comparison of the
lengths of the lower generations compared to literature.
For the second generation the average diameter for the VHM (9.55 mm) and
length (14.64 mm) is similar to the diameter (8.939 mm) and length (14.568 mm)
recorded for Phalen et al. (1985). The values do fall within the range of measurements
given for all of the models. In addition, the VHM airways are larger in diameter as well
as longer than the VHF airways for the second generation. For the third generation the
average diameter for the VHM (5.44 mm) is smaller than any of the values given in
literature but very similar to that of Weibel (5.6 mm). The average length (7.75 mm) is
also very similar to that of Weibel (7.6 mm) but significantly smaller than that of the
others.
The average diameter for the fourth and fifth generations (3.29 mm and 2.69 mm,
respectively) is smaller than any of the values from literature. The length of the fourth
generation airways are still towards to lower end of the range of 8.014 mm from Phalen
et al. (1985) and 12.7 mm from Weibel (1964). There is no length recorded for the fifth
generation. This is because only three of the airways at that generation are complete.
There were six airways in the sixth generation and two airways in the seventh
generation that were measured. There are no length measurements since only one sixth
airway length was measured and no seventh generation lengths were measured. The
average diameter for generation six (2.55 mm) is slightly smaller but comparable to that
of Weibel (2.8 mm) and Phalen et al. (2.7 mm). It isn’t a particularly fair comparison to
look at the average seventh generation diameters measured from this work (3.04 mm)
since there is a very limited sample.
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Figure 3.19 Diameters of lower airways in literature

Figure 3.20 Lengths of lower airways in literature

3.2 Adolescent Model
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The adolescent model was measured and compared to literature in much the same
way that the adult model was.

The model was measured in SolidWorks.

These

measurements were compared with image slices from the original CT scan.

A

comparison is also made with measurement data available from literature.
3.2.1 Measurements of the Adolescent Tracheobronchial Tree
Measurements of the lengths, diameters, and cross sectional areas were recorded
for each airway in the tracheobronchial tree wherever possible.

Three diameter

measurements were taken of each the trachea and left main bronchus.

Two

measurements were taken of each the right main bronchus and the left lobar bronchi. All
other airways were measured at a single location. A transverse and an anteposteior
diameter were measured for the trachea and the main bronchi to account for the fact that
the airways are elongated. Because of the more random orientation in the lower airways,
a long and a short diameter were recorded. Measurements of the trachea and main
bronchi are given in Table 3.6.

All further measurements are given in Table 3.7.

Measurements of lengths and diameters were made in the same way as described for the
adult model.
Table 3.6 Diameter and length of trachea and left and right main bronchi, adolescent model

Measurement 1
Measurement 2
Measurement 3
Average
STD
Length

Trachea (mm)
Tr
Ap
10.06
12.94
12.85
12.05
13.26
12.16
12.38
12.06
0.49
1.74
96.09

LMB (mm)
Tr
Ap
9.02
8.63
9.18
8.72
10.32
8.41
9.51
8.58
0.710
0.161
41.83

RMB (mm)
Tr
Ap
11.04
9.88
10.81
10.52
----10.92
10.20
0.168
0.448
15.42

Table 3.7 Diameter, lengths, cross sectional areas and perimeters for generations 2 to 7, adolescent
model

Airway
Number
Generation 2
111
(RSLB) 112
(LSLB) 121

Length
(mm)

19.38
9.69
5.36

Long
diameter
(mm)

9.66
8.59
7.42

Short
diameter
(mm)

Cross
sectional
area
(mm2)

Perimeter
(mm)

8.75
5.44
6.72

63.98
34.12
39.15

28.90
22.11
22.67
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(LILB) 122
Average
STD
Generation 3

10.27
11.18
5.89

7.77
8.36
1.00

6.65
6.89
1.37

39.01
44.06
13.48

22.71
24.10
3.21

(RILB) 1111
(RMLB) 1112
1121
1122
1211
1212
1221
1222

4.58
21.2
5.91
--10.38
--14.13
8.19
10.73
6.15

8.84
6.34
4.97
3.66
5.41
4.74
6.11
4.75
5.60
1.56

5.84
4.84
4.28
3.12
4.55
3.023
6.02
4.42
4.51
1.09

38.72
23.59
16.71
9.83
19.17
10.82
28.04
16.22
20.38
9.56

22.85
17.80
14.84
11.54
15.89
12.42
19.09
14.61
16.13
3.69

8.63
7.24
------------3.31
------6.39
2.76

6.26
4.78
3.62
3.67
4.06
3.75
4.41
4.45
5.33
4.03
3.53
2.99
4.24
0.89

5.15
3.90
2.71
1.82
3.13
2.63
4.03
3.46
5.73
3.25
3.06
2.28
3.43
1.14

26.46
14.61
8.31
6.88
9.78
7.10
14.12
11.52
23.28
10.24
7.37
4.44
12.01
6.73

18.71
13.94
10.75
9.93
11.53
10.07
13.56
12.60
17.49
11.66
9.98
7.93
12.35
3.18

6.07
----------6.07
---

6.70
2.74
3.53
2.48
5.93
2.32
3.95
1.89

5.33
2.35
2.54
2.04
5.14
2.16
3.26
1.54

27.53
4.66
6.94
3.62
22.95
3.62
11.56
10.77

19.15
8.12
9.85
6.97
17.43
7.02
11.42
5.45

---------

5.53
3.83
4.68
1.20

5.35
2.99
4.17
1.67

21.23
8.75
14.99
8.82

16.73
11.14
13.93
3.95

Average
STD
Generation 4

11111
11112
11121
11122
11211
11212
12111
12112
12211
12212
12221
12222
Average
STD
Generation 5

111111
111112
111121
111122
122111
122112
Average
STD
Generation 6
1111111
1111112
Average
STD
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3.2.2 Adolescent Model Comparison to Original Images
The glottis was measured for both the original images from 3D Doctor and the
final model, which was imported into Gambit and meshed.

The antiposterior and

transverse measurements were taken (Figure 3.21). The difference in the antiposteriro
measurements of the Solidworks model (16.66 mm) and the original image (16.952 mm)
was 1.72%. The difference in the transverse diameter of the Solidworks model (8.02
mm) and the original images (8.430 mm) was 4.86%.
In addition to the glottis, the trachea was measured and compared to the original
images. The measurements were taken at 10 mm, 40 mm, and 70 mm from the glottis.
From Figure 3.22, it can be seen that the percent difference in the antiposterior diameters
is 2.17% and the difference in the transverse diameters is 2.51%. Likewise in Figure
3.23, the percent difference is 2.06% and 0.82% for the antiposterior and transverse
diameters. Finally in Figure 3.24, the difference in antiposterior and transverse diameters
is 0.19 and 0.04% respectively. It is clear that the decimation and smoothing process had
minimal impact on the final shape of the model.

Figure 3.21 Measurements of the adolescent model glottis in SolidWorks (left) and 3D Doctor (right),
units in mm
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Figure 3.22 Measurements of the adolescent model 10 mm from glottis in SolidWorks (left) and 3D
Doctor (right), units in mm

Figure 3.23 Measurements of the adolescent model 40 mm from glottis in SolidWorks (left) and 3D
Doctor (right), units in mm
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Figure 3.24 Measurements of the adolescent model 70 mm from glottis in SolidWorks (left) and 3D
Doctor (right), units in mm

3.2.3 Adolescent Tracheobronchial Model Comparison to Literature
After it is verified that the smoothing and decimation process did not significantly
change the model geometry, it is necessary to compare the adolescent model with
literature. Several studies were found to characterize the dimensions of the adolescent
lung. These studies are summarized in Table 1.3. There is less information available
than in the adult case. All three studies give information on the trachea. Only Phalen et
al. (1985) and Hofmann (1982) give dimensions of the main bronchi.

However,

Hofmann (1982) skips all lower generations until the alveolar range. Therefore, only
Phalen et al. (1985) give morphological measurements of the second through sixth
generations.

Hofmann and Phalen et al. give theoretical models which allows for

calculation of airway diameters and lengths as a function of age. For the comparisons
given in this section, an age of 14 was used to determine the measurements. In addition,
Weibel (1964) and Eberle (1999) mention that they did include adolescent measurements
in their works but they only reported average measurements combined with the adult
measurements. Thus, these studies are not useful in making an adolescent comparison.
Figure 3.25 gives the diameter measurements for adolescent airways.

The

independent variable is the generation number with the Trachea being generation 0.
Since the literature does not distinguish between left and right main bronchi, the values
for both were averaged in the adolescent model for comparison purposes. In addition, the
Visible Male dimensions are presented for comparison. Figure 3.26 gives the comparison
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of the airway lengths. As expected, the adolescent model is smaller both in terms of
length and diameter to the adult model for the trachea and main bronchi. The adolescent
trachea is significantly smaller in diameter to all three other studies. In addition, it is
longer than Phalen et al. (1985) but shorter than the other two. The adolescent model
main bronchi are also smaller in diameter than Phalen et al. (1985) and Hofmann (1982).
It is also shorter; however, this may be a result of averaging the shorter RMB with the
longer LMB. The values given in the literature for length is much closer to the length of
the adolescent LMB which is 41.83 mm.
For the lower airways, the adolescent model was compared with the adult Visible
Male and Phalen et al. (1985) only. Once again, the adolescent model is smaller in
diameter to the visible male and Phalen et al. However, we find that the diameters and
lengths of the smaller generations are significantly bigger in the adolescent model. Since
many of the airways became too small after the third generation to properly reconstruct,
not all the airways in a given generation are accounted for. The ones that are measured
tend to be the wider and longer airways, thus skewing the average generational
measurements and causing a larger average than what should be expected.

Figure 3.25 Diameters of adolescent airways in literature

63

Figure 3.26 Lengths of adolescent airways in literature
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4 Mesh Creation and Convergence
4.1 Geometry Decomposition
It was necessary to decompose the geometry after it was imported into Gambit for
post-processing reasons. This allows for deposition to be recorded on each decomposed
wall. For this, the volume was split into 20 smaller volumes for both geometries using
flat dividing planes.

Once the volumes were decomposed, the wall faces of each

individual volume were merged into a single face. The resulting face is referred to as a
virtual face because it exists only as a reference to the real underlying faces. However, it
is necessary to create a singular face in order to assure the resulting mesh is not highly
skewed. When meshing, Gambit will force the edges of mesh elements onto the edges of
each face. Having a large number of smaller faces will cause the resulting mesh to be of
very poor quality. Merging the faces was performed after volume decomposition because
virtual faces cannot be decomposed.

Figure 4.1 shows the adult and adolescent

geometries after they have been decomposed and the faces have been merged. Each
section is given a number, which corresponds with the results given in Chapter 6. The
images are presented such that the upper half is a sagittal view and the lower half is an
anterior view. This allows for each section of the model to be clearly seen in a single
figure.

4.2 Mesh Geometries
Once the model wall faces are merged, the geometries are able to be meshed.
Meshing breaks the domain of the geometry into much smaller elements for
computational purposes. The flow equations are solved on each element. As such,
smaller elements usually produce more accurate computational results.

However,

decreasing element size increases computational time. Section 4.3 deals with finding the
right balance of accuracy and computational time.
Since there are much sharper velocity gradients near the wall, it is necessary to
have a finer mesh in the near wall region. This is accomplished by use of a sizing
function. The sizing function is defined by three parameters: initial element size, growth
rate, and maximum element size. Initial element size refers to the size of the element at
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the wall. The growth rate refers to the increase in size from an element to any adjacent
element inward from the wall. For both models the parameters are 0.6 mm initial element
size, 1.1 growth rate, and 1.5 mm maximum element size. The mesh resulting from the
sizing function can be seen in Figure 4.2.

Figure 4.1 Model geometries after decomposing and merging with walls numbered. Adult with
sagittal view above wall 8 and anterior view below wall 8 (left) and Adolescent with sagittal view
above wall 9 and anterior view below wall 9 (right).
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Figure 4.2 Mesh created from sizing function, adult model

Once the sizing function was defined, the grid was meshed. For both the adult
and adolescent model, tetrahedral elements were chosen. Tetrahedral elements give more
accurate results when used with the turbulence solver chosen for this work. In addition,
they allow the mesh to more tightly conform to the outer boundary of the geometry. The
sizing function along with the element type fully specifies the mesh. The mesh size along
the outside boundary is a constant 0.6 mm as specified by the sizing function. Figure 4.3
shows this mesh for both models at the main bifurcation. This is indicative of the mesh
size along the entire outer boundary of the model.
Finally, the boundary zones must be specified. Figure 4.4 shows the color coded
boundaries. The inlet boundary is shown as blue and is a velocity inlet. The outlet
boundaries are red in the figure and are specified as pressure outlets.

The wall

boundaries are shown in white. This mesh was exported into Fluent for mesh refinement.
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Figure 4.3 Mesh at main bifurcation for adult (left) and adolescent (right) models

Figure 4.4 Boundary condition for adult (left) and adolescent (right) models, blue is inlet, white is
wall, red is outlet
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4.3 Mesh Refinement Study with Y+ Grid Convergence
Since the accuracy of the computational solution depends on the size of the grid
elements, a grid refinement test must be performed to ensure sufficient accuracy of the
model. For turbulent flows, wall conditions can greatly affect the flow conditions.
Therefore, a finer grid is required near the wall where there is more turbulence. A nondimensional value called the y+ value is used to refine the mesh, particularly in the near
wall region, to ensure numerical accuracy. The definition of y+ is given by
Equation 4.1
where dν is the viscous length scale and y is the distance from the cell center to the wall.
The viscous length scale is the scale of the turbulent eddies. The viscous sublayer is the
region where y+ is less than 5. This region can be modeled using different turbulence
solvers (Pope 2000). For the SST k-ω turbulence solver, Fluent recommends that the y+
value for all wall regions be about equal to 1 in order to fully resolve viscous effects.
However, a y+ of up to 5 can be acceptable (Wilcox, 1993). Using a steady inlet velocity
of 9.703 m/s, the flow field was first resolved for the adult model. The CFD methods
used in this study are discussed in detail in Chapter 5. Fluent is able to calculate the wall
y+ value along the surface of the geometry and automatically refine the mesh to user
specification. The grid was refined where the y+ values exceeded 5 and the flow field
was solved for again. This process was repeated for several iterations resulting in 5 grids
of varying refinement. Table 4.1 shows the different refinements along with grid number
and maximum y+ value. The fifth grid resulted in all wall elements reducing below a y+
value of 5. In addition, Table 4.1 shows the percentages of wall elements below a y+
value of 5 for each refinement. Figure 4.5 shows the change in the cross sectional view
of the grid in the throat between the first and last grids from Table 4.1. From this figure,
it is clear that the grid has become more refined, particularly in the near wall region.
Some elements in the figure may appear to be highly skewed. However, that is just due
to the fact that the cut may be through the ends of some elements whose midsections lie
on a higher or lower plane, thus only showing a thin sliver of the entire element.
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Table 4.1 Size and y+ values of refined grids for adult model

Grid
Number of Elements
Maximum y+
Percentage of wall
elements below y+=5

1
1,141,768
31.4
45.85%

2

3

1,533,753 2,303,788
19.0
12.5
67.40%

92.57%

4

5

2,686,744 2,796,371
7.8
5.0
98.31%

100.00%

Figure 4.5 Cross sectional view in throat for grid 1 (top) and grid 5 (bottom) in adult model

In order to check that the flow field had converged, the average centerline
velocity along the two regions of highest flow, the throat and the glottis was plotted as a
function of grid size as shown in Figure 4.6. Average centerline velocity was plotted
since the centerline receives the least amount of grid refinement. It is assumed that when
centerline velocity is converged, the entire field will also be converged. Grid size was
chosen as the independent variable since it corresponds roughly to the computational
time. The measurement locations correspond to midsagittal cuts of sections 4 and 7
respectively in Figure 4.1. In addition, Figure 4.7 shows the percent change in average
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centerline velocity for the two regions from the previous iteration.

The maximum

velocity found throughout the domain was found. The maximum velocity can be found
in Figure 4.8. Figure 4.9 shows the percent change in that value from the previous
iteration.

Average Velocity Convergence

Average Centerline Velocity (m/s)

15
14
13
12

Glotti
s

11
10
9
8
1

1.5

2

2.5

3

Number of Elements (millions)
Figure 4.6 Velocity convergence of throat and glottis regions (adult model)

Average Velocity Convergence

Percent Change in centerline velocity

30.00%
25.00%
20.00%

Glott
is

15.00%
10.00%
5.00%
0.00%
1

1.5

2

2.5

3

Number of Elements (millions)

Figure 4.7 Percent change in average velocities from previous iteration (adult model)
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Maximum Velocity Convergence

24.1

Maximum Velocity (m/s)

24
23.9
23.8
23.7
23.6
23.5
23.4
23.3
23.2
1

1.5

2

2.5

3

Number of Elements (millions)

Percent Change in Maximum Velocity

Figure 4.8 Convergence of maximum velocity in entire flow field (adult model)

Maximum Velocity Convergence

2.0%
1.8%
1.6%
1.4%
1.2%
1.0%
0.8%
0.6%
0.4%
0.2%
0.0%
1

1.5

2

2.5

3

Number of Elements (millions)
Figure 4.9 Percent change in maximum velocity from previous iteration (adult model)
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From these figures, it is assumed that refining the grid from the fourth to the fifth
iteration has negligible effect on the flow field. Since a more refined grid can greatly
increase the amount of computational time required to solve for the flow, and increasing
the grid size has little effect on the solution, the final grid to be used for further
calculations is grid 4.
A y+ grid convergence was similarly accomplished for the adolescent model.
Table 4.2 shows how the maximum y+ number decreases with each iteration.

The

adolescent model reached an acceptable y+ value in significantly fewer elements than the
adult model. This is most likely due to the larger glottis requiring a less fine mesh in
order to resolve the edge effects. Figure 4.10 shows the resulting mesh in the throat
region for the first and the last grids in Table 4.2. As with the adult case, the fifth grid is
more refined than the first, particularly in the near wall regions.
Similarly to the adult model, an average centerline velocity was recorded for the
throat and glottis of the adolescent model. The throat corresponds to sections 4 and 5 in
the adolescent model and the glottis corresponds to section 8 in the adolescent model as
seen in Figure 4.1. The velocity values can be seen in Figure 4.11 and the percent
difference from the previous iteration can be seen in Figure 4.12. In addition, the
maximum velocity in the domain for each iteration is shown in Figure 4.13 while the
percent difference in that value is seen in Figure 4.14. From the following graphs it is
clear to see that there is negligible difference in velocities after the fourth grid. Therefore
grid four is the final grid chosen for the adolescent model.
Table 4.2 Size and y+ convergence of adolescent model

Grid
Number of Elements
Maximum y+
Percentage of wall
elements below y+=5

1

2

3

4

5

857,212
12.9

1,083,046
8.2

1,265,011
5.8

1,299,955
5.1

1,384,866
4.7

75.05%

91.10%

99.74%

100.00%

100.00%

73

Figure 4.10 Cross Sectional View in Throat for Grid 1 (top) and Grid 5 (bottom) Adult Model

Average Centerline Velocity (m/s)

8.5

Average Velocity Convergence

8
7.5
Throat
Glottis

7
6.5
6
750,000

1,000,000

1,250,000

1,500,000

Number of Elements
Figure 4.11 Velocity convergence of throat and glottis regions (adolescent model)
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Percent Change in Centerline Velocity

Average Velocity Convergence
7%
6%
5%
4%
Throat
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Figure 4.12 Percent change in average velocities from previous iteration (adolescent model)
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Figure 4.13 Convergence of maximum velocity in entire flow field (adolescent model)
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Percent Change in Maximum Velocity

Maximum Velocity Convergence
0.05%
0.04%
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Figure 4.14 Percent change in maximum velocity from previous iteration (adolescent model)

4.4 Time Step Convergence
It is important in unsteady flow to make sure that there are no errors stemming
from the choice of time step. For this test, the particle deposition was recorded at each
main area within the respiratory tract as a function of time step choice. 1 micron particles
were used. The CFD methods are discussed in Chapter 5. Figure 4.15 shows the particle
deposition in each location as a function of decreasing time step. Figure 4.15 shows the
variation of particle deposition from the previous iteration for each time step. There is
very little variation from 0.001 to 0.0005 seconds. There is more variation between time
steps of 0.0005 and 0.0001 seconds. From these graphs, however, there is no clear
indication of converging values. More work is needed to understand the reasons for this.
In this work, the time step chosen for calculation is 0.01 seconds. This value seems to be
close in resulting particle deposition with other time steps. With a computational time of
about 2 hours and decreasing the time step any further would increase the computational
time. A simulation using time step of 0.0001 seconds took over a day to compute.
Reducing by an order of magnitude would increase computational time to over a week,
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which is undesirable. In addition further refinement of the time step may introduce
numerical errors due to round off error becoming significant.

Figure 4.15 Time step deposition convergence
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5 CFD Methods
5.1 Fluent Theory and Equations
The Fluent unsteady, 3D double precision solver was used to perform all flow
simulations. However, in order for Fluent to perform the simulations, the problem must
be fully specified. This means that all equations, boundary and initial conditions must be
supplied. In addition, there are many solution parameters that determine how Fluent will
perform the simulation. Fluent solves three sets of equations in determining particle
deposition. The Navier-Stokes equations and the continuity equation govern the mean
flow quantities, turbulence modeling equations govern the flow turbulence and the
Discrete Phase Model (DPM) solves for the particle trajectories.
5.1.1 Navier-Stokes Equations
To solve for the flow field, Fluent uses the Navier-Stokes equations and the
continuity equation. The Navier-Stokes equations are three separate equations, one for
each principal axis. Together with the continuity equation, these four equations are
solved in order to determine the three velocity components and pressure. The NavierStokes equations are given by
Equation 5.1

where

is the fluid density, V is velocity vector, g is the gravity vector, P is pressure and

is the fluid viscosity. The Continuity equation for incompressible flow is given by
Equation 5.2

where u, v and w are the x, y and z components of velocity, respectively.
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5.1.2 Turbulence Solver
The Reynolds number based upon the diameter of the glottis region, where the
velocity is largest is 9077 for the adult model and 7730 for the adolescent model.
Therefore the flow is turbulent and that turbulence must be accounted for in the solution
procedure.

It is important to accurately represent the turbulence in the domain.

Turbulence will lead to an increase in deposition due to random fluctuations of the mean
velocity in the flow field. Direct Numerical Simulation (DNS), which fully resolves the
turbulence, is computationally expensive. Thus, there are a variety of methods that
Fluent can employ in order to reduce computation time. These methods include the k-ε
model, the k-ω model, Reynolds stress model, detached eddy simulation model, and large
eddy simulation model. These models are listed from less computationally expensive to
more computationally expensive. Each turbulence solver has different characteristics that
make it better suited for different applications. For this work, the Shear Stress Transport
(SST) k-ω model was chosen. This model blends the k-ω model in the region near the
walls but uses the k-ε model for the free stream. The k-ε model is computationally light
and is accurate in regions where there is not significant mixing or separation. Thus, it
performs better further from the wall boundary. The k-ω model performs much better in
near wall regions but requires more computation. By combining these two methods, the
computational time is much more efficient while the accuracy is still sufficiently good
(Menter 1994).

5.1.3 Particle Tracking with Discrete Phase Model (DPM)
Fluent has two separate methods for determining particle deposition. The Discrete
Phase Model (DPM) can be used for the deposition mechanisms of sedimentation and
impaction while the Species Transport Model (STM) can be used for sedimentation and
diffusion. Particle size determines the relative effects of impaction and diffusion and thus
affects which model is appropriate. Since the particle sizes in this study are greater than
0.1 microns, the effects of diffusion are minimal, thus DPM is the appropriate model
choice. The accuracy of DPM for this size range was previously reported in Robinson
and Snyder (2007).
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DPM determines particle deposition by tracking individual particles as they move
through the flow field using a Lagrangian approach. Particle locations are determined by
solving a force balance equation given by

Equation 5.3

where VP is the particle velocity, t is time, FD is drag force, g is gravity, ρp is particle
density, and FX are additional forces, which is zero in this work. Particles tracked by this
equation are inert and exert no influence over the flow solution. Conditions must exist at
each boundary in order to apply this equation. The inlet and outlets are defined as escape
conditions, meaning that any particle that crosses those planes is considered to have left
the system. The walls are given trap conditions. The trap condition causes any particle
to cross that plane to be considered trapped at that location and unable to continue
through the flow field. Since the walls of the respiratory tract are mostly coated in
mucous and saliva, and cigarette smoke particles contain tar which is highly adhesive,
particles coming into contact with the walls will not be able to detach.
For steady flow, Fluent uncouples the particle tracks from the flow solution. Thus
the user would solve for the velocity field and then solve for the particle deposition
separately. This is not possible to do in unsteady flow because of the transient nature of
the flow field. For unsteady flow, Fluent will solve the velocity field at each time step
and then advance the particles for the duration of the time step. Fluent keeps every
particle in the domain in memory. However, it removes particles from memory after they
leave the domain by either escaping or becoming trapped.

It is necessary then to

configure Fluent to write the fates of each particle to a file when each one leaves the
domain. Using this method it is possible to obtain both local and regional deposition
throughout the model.
For this research, DPM was used to determine particle deposition for particles of
the following diameters: 0.1 μm, 0.5 μm, 1 μm, 3 μm, 5 μm, 9 μm, and 10 μm. In order
to inject particles a text file was created in Matlab (The MathWorks Inc. Massachusetts)
containing 500 particles with random locations on the inlet surface and the appropriate
diameter. One file was created for each particle size, each with a different random
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location profile. These files were loaded into Fluent before each simulation. Fluent
injects the 500 particles at each time step during the puff. No particles are injected
during the fresh air inhalation. Since the puff lasts for 1.7 seconds, and each time step is
0.01 seconds, 85,000 total particles are injected for each simulation.

5.2 Boundary and Initial Conditions
Boundary conditions specify what happens at the edges of the flow domain and are
necessary for solving the flow field. The boundaries for this problem include the inlet,
the multiple outlets, and the walls. An initial condition must also be specified. This
condition represents the fluid state before the first time step.
The inlet is located where smoke would enter the mouth from the cigarette. The
inlet condition is a velocity inlet.

Research shows that when smoking a cigarette,

smokers will first puff on the cigarette to draw smoke into the respiratory tract and follow
the puff with a much faster breath of fresh air. (Hammond et al. 2005, Djordjevic et al.
1995, Woodman et al. 1987, Hee et al. 1995) Thus, smoke will travel in a bolus through
the respiratory tract.

From the simulations performed in this study, during the puff,

smoke particles will fill the oral cavity and travel to the trachea. However, there is a
large amount of variation in the puff and fresh air inhalation velocities and durations from
person to person and study to study. Table 5.1 gives a summary of the time duration and
volume for the puff and fresh air inhalation. Several trials were performed in each study.
The results of these studies were averaged and used for this work. Realistically, there is a
continuous breathing curve that will transition from the slow puff to the fast fresh air
inhalation. However, there is no data available on how the breathing curve changes over
time. There is only data on total volume inhaled. Thus, it is not possible to use a realistic
breathing curve for smoking. Thus, the unsteady inlet condition will consist of a constant
flow rate for the puff followed by a large constant flow rate for the fresh air inhalation.
The shape of the mouth would also realistically change from the puff to the fresh air
inhalation. For this work, the shape is considered constant. Adding a dynamic mesh
would greatly increase the complexity of the problem. The simulation is allowed to run
for 1.7 seconds at the puff condition, then the inlet velocity condition is manually
changed to the fresh air inhalation condition, and the simulation is allowed to finish. The
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Matlab code used can be found in the Appendix. Figure 5.1 shows the flow rate curve
used in this study. The puff flow rate is 1.57 lpm for 1.7 seconds and the fresh air
inhalation flow rate is 30 lpm for 3 seconds. Since the inlet condition is for velocity, the
flow rate curve was changed to a velocity curve using the inlet area. This curve is given
in Figure 5.2. The puff velocity is 0.51 m/s and the fresh air inhalation velocity is 9.70
m/s.
The outlet boundaries are located at the end of each terminating branch. There
are 32 outlets for the adult model and 18 outlets for the adolescent model. It is not really
known what the condition for these outlets should be since the actual respiratory tract
continues far below this area and there is no natural condition with which to define a
boundary.

However, when performing experimental analysis on upper respiratory

models, the experimental design causes the outlets to be at atmospheric pressure. As
such, the outlet boundaries were defined to be pressure outlets of zero gage pressure.
This boundary condition ensures more accurate comparison to experimental models.
The wall boundaries cover the rest of the boundaries and are considered to have a
no slip condition. It is not known whether the esophagus or the nasal cavity is open or
closed during smoking inhalation. If open, particles could be diverted into the esophagus
or the nasal cavity.

However, for this study, the esophagus and nasopharynx are

considered to be closed and thus are given the wall boundary condition.
The initial flow conditions are given by atmospheric pressure and zero velocity
throughout the model. In addition, no particles are present in the domain during the
initial time step.
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Table 5.1 Puff duration and volume

Author
Hammond et
al. (2005)

Djordjevic et
al. (1995)

Woodman et
al. (1987)

Hee et al.
(1995)

This Study

Puff
Duration
(s)
1.5
1.4

1.575
1.15
1.775
1.4
1.4
1.7
1.7
2.04
1.88
2.06
1.7
2.24
2.07
1.7

Puff
Volume
(mL)
54.2
52.3
57.8
47.3
54
45
49.75
47
36.8
42.4
37.8
61
54.3
53.4
46
55.1
53.4
44.5

Figure 5.1 Inlet boundary condition, volumetric flow rate
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Figure 5.2 Inlet boundary condition, velocity profile

5.3 Solution Parameters
The solution parameters used for both the adult and adolescent models were the
same. A 3D double precision segregated implicit unsteady solver was used. The GreenGauss node based gradient option was recommended by Fluent for use with tetrahedral
mesh elements. Pressure was solved using a second order discretization scheme. Second
order upwind schemes were used for momentum and turbulent kinetic energy and
specific dissipation rate.

Second order schemes are more accurate than first order

schemes. The pressure reference point was set to atmospheric pressure (101.3 kPa) at
one of the outlets. Gravity was set to be 9.81 m/s2 in the negative z direction, which is
the vertical direction determined from the original images.
The convergence criteria for both models were set to be 10-6 for each variable.
This indicates that the change in mean flow quantities is about six orders of magnitude
smaller than the absolute value of the mean flow quantities. Therefore convergence
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criteria of 10-6 offer more than adequate accuracy. These convergence criteria must be
satisfied for each time step before iterating on the next time step. Convergence was
generally not a problem except that the turbulent kinetic energy often only converged to
five orders of magnitude instead of six orders of magnitude. However, even with a
convergence of five orders of magnitude, the solution is accurate enough.

5.4 Computational Resources
The unsteady simulations were performed from the Solvay Computer Cluster at the
Rochester Institute of Technology research computing department on a Sun x4600 server.
The simulations were performed in parallel on 8 cores. Each core processor performed at
2.3 GHz and 128 GB of RAM was available.
configuration was around 6 hours.

Total simulation time for each

85

6 Flow and Deposition Results
6.1 Discrete Phase Model Deposition
After the model was meshed and imported into fluent, the proper boundary
conditions were applied and the simulation was run. This section gives both flow and
discrete phase model deposition results for the adult and adolescent models.
6.1.1 Deposition in the Adult Model
Figure 6.1 gives a mid-sagittal view of the velocity field during the puff and the
fresh air inhalation for the adult model. As expected, the velocity is much higher in
regions where the cross sectional area narrows such as the glottis and the throat. The
highest velocity obtained for both inlet velocities is found in the glottis. The maximum
velocity of the puff is 1.55 m/s while the highest fresh air inhalation velocity is 24.5 m/s.
While this velocity seems fast, a large velocity is expected here since the glottis opening
is smaller than the oral cavity inlet. In addition, there is no literature to suggest that it is
incorrect. Since the particles do not influence the flow field, these velocity profiles are
identical for all particle sizes.
During the puff, particles fill the oral cavity. Some particles will travel into the
larynx and trachea. However, for the puff duration, the furthest particles will travel is to
the main bifurcation, just past the trachea. Once the puff is complete, the inlet condition
changes to a much higher velocity and particles cease to be injected. The result is a very
rapid evacuation of the particles in the oral cavity as the fresh air carries the particles
further into the respiratory tract. Figure 6.2 shows particle locations at four distinct times
during the breathing cycle in the oral cavity only. The top left image shows the particles
begin to fill the oral cavity. The top right image shows the particle locations just prior to
the fresh air inhalation. From this image, the oral cavity is well filled. The bottom left
image shows the particles being swept from the mouth as the high velocity clean air
enters. This image is after 0.1 seconds of fresh air inhalation. The bottom right image
shows the oral cavity after 0.3 seconds of fresh air inhalation. Most of the particles have
been evacuated to lower in the respiratory tract.
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Figure 6.1 Velocity field in adult model during puff (left) and fresh air inhalation (right), units in m/s

Figure 6.2 Particle locations during inhalation cycle at 0.3 seconds (top-left), 1.69 seconds (top-right),
1.8 seconds (bottom-left) and 2.0 seconds (bottom-right)
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Figure 6.3 shows total particle deposition as a function of particle size. The data
show a roughly exponential increase in deposition as the particle diameter increases.
Table 6.1 breaks down the deposition into five specific regions. Figure 6.4 graphs the
regional particle deposition. The mouth region contains the entire oral cavity up to the
beginning of the throat. The throat includes from the back of the mouth through the
glottis. The trachea begins at the area directly inferior to the glottis and extends to just
superior of the carina. The Left Branches and Right Branches are meant to mean the
remaining sections extending from the main bifurcation to all terminating airways on the
left and right side, respectively. These include the main bronchi and all branches distal to
the main bronchi. Local deposition is shown in Figure 6.5. The spikes indicate areas of
high deposition. In particular, high deposition is seen in the back of the throat, the glottis
and the main bifurcations.

Since it is difficult to distinguish between the local

depositions of the three smallest particle sizes, Figure 6.6 shows only 0.1, 0.5 and 1
micron local particle deposition.
In general, the deposition of each region of the respiratory tract increases with
increasing particle size.

The only exception is deposition in the trachea, which

maximizes at 5 microns and then begins to decrease for 9 and 10 microns. For particle
diameters of 3 um and larger, the most deposition occurs in the throat. For the smaller
particle sizes, the deposition is more evenly distributed between the throat, trachea, and
right and left branches, with slightly more deposition occurring in the right branches.

Table 6.1 Adult particle deposition

Percent Deposition (%)
Particle Size (μm)
Mouth
Throat
Trachea
Right Branches
Left Branches

0.1
1.18
5.72
5.14
6.27
5.83

0.5
1.36
6.02
5.25
6.60
5.91

1
1.46
6.42
5.29
6.62
5.95

3
3.51
28.46
10.79
7.76
6.84

5
4.01
34.27
11.13
8.60
7.38

9
16.42
39.91
10.54
10.43
8.12

10
21.47
42.09
9.78
11.18
8.84
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Figure 6.3 Total particle deposition in adult male

Figure 6.4 Regional particle deposition in adult male
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Figure 6.5 Local deposition in adult male, all particle sizes

Figure 6.6 Local deposition in adult male, 0.1, 0.5, and 1 micron particle sizes
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Figure 6.7, Figure 6.8 and Figure 6.9 give a visual comparison of where particles
have deposited for the largest and smallest diameters simulated. It is clear that there is
significant deposition in the back of the throat and mouth for the 10 micron case, but
there is very little in the 0.1 micron case. In general, the 0.1 micron particles are more
dispersedly deposited than the larger 10 micron particles. The 10 micron case shows
high concentrations of particles in the back of the mouth and throat, near the epiglottis
and glottis, and along the right side of the trachea. The 0.1 micron case shows very
sparse deposition in the oral cavity, but fairly uniform deposition throughout the rest of
the model. These visuals agree with the data presented in Table 6.1.

Figure 6.7 Local deposition in adult model sagittal view. 0.1 micron particles (left) and 10 micron
particles (right)
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Figure 6.8 Local deposition in adult model anterior view. 0.1 micron particles (left) and 10 micron
particles (right)

Figure 6.9 Local deposition in adult model posterior view. 0.1 micron particles (left) and 10 micron
particles (right)
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6.1.2 Deposition in the Adolescent Model
The same data were collected for the adolescent model. The mid-sagittal velocity
field during the puff and fresh air inhalation are shown in Figure 6.10.

The maximum

velocity obtained for both inlet velocities is found in the throat. The maximum velocity
of the puff is 0.624 m/s while the highest fresh air inhalation velocity is 10.14 m/s. These
values are significantly lower than those of the adult model. This is due to the glottis
opening in the adolescent model being larger. Maximum velocities for the adolescent
model occur in the back of the throat, which has a smaller airway diameter than the
glottis opening in this case.

Figure 6.10 Velocity field in adolescent model during puff (left) and fresh air inhalation (right), units
in m/s

Figure 6.11 shows total particle deposition as a function of particle size. The
regional deposition totals can be seen in Table 6.2. Figure 6.12 graphs the regional
deposition totals. The regions are identical to those of the adult model. Local deposition
is shown in Figure 6.13, with a close up of the 0.1, 0.5 and 1 micron particle sizes in
Figure 6.14. The deposition of each region generally increases as the particle diameter
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increases. Like the adult model, the only exception is in the trachea, which peaks at 5
micron particles. The main bronchi are the areas of greatest deposition for the smaller
particles but the mouth and throat deposition become much more significant for the larger
particles.

Table 6.2 Adolescent particle deposition

Percent Deposition (%)
Particle Size (μm)
Mouth
Throat
Trachea
Right Branches
Left Branches

0.1

0.5

1

3

5

9

10

0.50

0.54

0.59

1.12

4.38

20.42

26.63

1.58

1.60

1.60

5.68

12.39

18.51

20.50

0.73

0.74

0.77

1.61

1.82

1.26

0.72

2.60

2.79

2.94

3.47

5.90

9.56

12.24

4.19

4.80

5.27

5.56

9.15

9.79

11.21

Figure 6.11 Total particle deposition in adolescent male
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Figure 6.12 Regional particle deposition in adolescent male

Figure 6.13 Local deposition in adolescent male, all particle sizes
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Figure 6.14 Local deposition in Adolescent Male, 0.1, 0.5 1 micron particle sizes

Figure 6.15 and Figure 6.16 give a visual comparison of where particles have
deposited for the largest and smallest diameters simulated. Much like the adult model
model, the adolescent model shows a concentration of deposited particles in the back of
the throat, particularly in the 10 micron case. The 0.1 micron case shows much more
disperse deposition than the 10 micron case. The trachea in both cases shows little
deposition. The right and left main bronchi of the 10 micron case show heavy deposition
as well. These visuals agree with the data from Table 6.2.
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Figure 6.15 Local deposition in adolescent model sagittal view. 0.1 micron particles (left) and 10
micron particles (right)

Figure 6.16 Local deposition in adolescent model anterior view. 0.1 micron particles (left) and 10
micron particles (right)
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Figure 6.17 Local deposition in adolescent model posterior view. 0.1 micron particles (left) and 10
micron particles (right)

6.2 Comparison between Adult and Adolescent Geometries
There are noticeable differences between the adolescent and adult results. These
are due to the differences in the two geometries.

Figure 6.18 compares the total

deposition between the adult and adolescent models.

The adult model contains

significantly more deposition than the adolescent model. The greatest discrepancy comes
from the 3 micron case where the adolescent deposition is 68.5% less than the adult case.
Figure 6.19 shows the percent depositions for both models normalized by the surface
area. It is expected that fewer particles will deposit simply due to the smaller size of the
model. This figure shows that the adult model still has greater deposition for all cases
except the 10 micron diameter particles.
Comparing regional deposition in Figure 6.4 and Figure 6.14 above, it can be seen
that most of the difference between the depositions in the two cases is in the throat and
trachea. One likely reason for this is the much smaller glottis opening in the adult model.
This smaller opening creates more deposition in the throat for the adult. In addition, the
flow moving into the trachea is much faster in the adult case due to the glottis. This may
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account for the increased deposition along the walls of the trachea when compared to the
adolescent model. Deposition in the adult main bronchi also appears to be slightly higher
than deposition in the adolescent main bronchi.

In addition, the deposition in the

adolescent oral cavity is less for the 0.1 micron through 3 micron cases. However, the
deposition is greater in the adolescent oral cavity for larger particle sizes. However, the
deposition differences in these regions are much smaller than the difference due to the
trachea and throat regions.

Figure 6.18 Total deposition for adult and adolescent models
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Figure 6.19 Total particle deposition per unit area for adult and adolescent models

6.3 Comparison to Other Models
Finally, it is important to compare the deposition results with others from
literature.

Of the studies listed in Table 1.1, only a few could be used as a proper

comparison. Not all of the studies give deposition results, and of those that did, some
gave results only for ultrafine particles smaller than those studied in this work. The
studies that will be used for comparison are Zhou and Cheng (2005) which is the only
study to give experimental results, Xi and Longest (2008), Jayaraju et al. (2007) and the
Visible Human Female. Zhou and Cheng (2005) give tracheal deposition efficiencies.
Xi and Longest (2008) is primarily concerned with ultrafine particles, but does give a
comparison for 0.1 micron particles. Jayaraju et al. (2007).

In addition, a few

tracheobronchial models are used for comparison. Asgharian et al. (2004) and Phalen et
al (1991) give tracheobronchial deposition efficiencies.

The Multi-Path Particle

Deposition (MPPD) model is a mathematical model based upon the geometry of Yeh and
Schum (1980). It calculates deposition efficiencies for the upper airways as well as the
tracheobronchial and pulmonary region. One study by Nazridoust and Asgharin (2008)
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was performed using unsteady CFD. The geometry was a simplified tracheobronchial
tree with 3 generations. The inlet condition was a simple step function jumping from no
flow to 15 lpm. In order to make a proper comparison, the deposition in the trachea and
tracheobronchial regions were recalculated to take into consideration only those particles
which enter the airway, not the deposition efficiency based on the total number of
particles.
Table 6.3 gives the deposition fractions of just the trachea. It is interesting to note
that the Zhou and Cheng model shows almost no deposition for the 0.1 and 1 micron
particle sizes but very high deposition in the 10 micron particle size. Both the VHM and
VHF show comparable results with the VHM having a higher deposition for each size.
The Jayaraju et al. (2007) model could only be compared to the 10 micron particle size,
but shows almost no deposition in the tracheal region.

Table 6.4

gives the

tracheobronchial deposition comparisons. The VHM offers much higher deposition than
any other model, particularly for the smaller particle diameters. The most likely reason
for this is the narrow glottis region. The laryngeal jet caused by the smaller glottis
opening increases fluid velocity in the trachea and thus increases deposition. Asgharian
et al. (2004), Phalen et al. (1991) and the MPPD model all have similar depositions in the
tracheobronchial region. The VHF shows much lower deposition for the larger particle
sizes. Nazridoust and Asgharian show almost no deposition for the smaller particles and
much smaller deposition for the 10 micron particle compared with any other model.
Table 6.5 offers a comparison of the pre-tracheal airways. The deposition for 0.1 and 1
micron particle sizes is much higher in the VHM and VHF models than the MPPD
model. It is also interesting to note that the 1 micron deposition is lower than the 0.1
micron deposition in the MMPD model. The VHM shows much higher deposition in this
region than either the VHF or the MPPD model. Xi and Longest (2008) shows very
small deposition for the 0.1 micron particle. However, it is closer in value to that given
in MPPD than from the VHM and the VHF. Finally for the 10 micron particles, the
VHM, VHF and MPPD all show good agreement. However, Jayaraju et al. (2007) shows
a much smaller deposition.
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Table 6.3 Trachea deposition

Particle Size (µm)
Visible Human
Male
Visible Human
Female
Zhou and Cheng
(2005)
Jayaraju et al.
(2007)

Percent Deposition (%)
0.1
1
5
10
5.52

5.73

18.0

26.8

2.21

2.23

10.3

21.4

0.02

0.32

10.5

39.8

---

----

---

1

Breathing Flow
Rate (lpm)
Unsteady
30
30
30

Table 6.4 Tracheobronchial deposition

Particle Size (µm)
Visible Human
Male
Visible Human
Female
Asgharian et al.
(2004)
Phalen et al (1991)
MPPD
Nazridoust and
Asgharian (2008)

Percent Deposition (%)
0.1
1
5
10

Breathing Flow
Rate (lpm)
Unsteady

19.5

20.3

45.2

84.3

3.23

3.37

11.1

23.1

5

3

25

65

6.7

7.5
7.68

5
4.84

25
20.1

75
79.7

.13

.2

---

4

20
30
Unsteady (15)

30

Table 6.5 Oral cavity and throat deposition

Particle Size (µm)
Visible Human
Male
Visible Human
Female
Xi and Longest
(2008)
Jayaraju et al.
(2007)
MPPD

Percent Deposition (%)
.1
1
5
10
6.9

7.6

38.3

63.6

9.6

10.45

21.9

66.4

1

---

---

---

---

---

---

9.7

2.4

0.9

25.2

70.0

Breathing Flow
Rate (lpm)
Unsteady
30
30
30
30
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6.4 Discussion
A wide range of deposition results are reported in literature. This stems from the
wide variety of realism in the created models, modeling and computational techniques,
and problem parameters. It is difficult to draw exact comparisons with any reported
results, particularly since no models take into account the issue of the smoking breathing
curve. The higher depositions reported in this work compared with other studies is most
likely due to a combination of two things. First, the small glottis opening causes a more
powerful laryngeal jet, which increases impaction of particles in the trachea. This effect
is probably more significant for smaller particles, since the larger particles would tend to
deposit anyway. Second, the very slow velocity conditions that exist due to the unsteady
breathing curve during the puff period may contribute to increased deposition due to
sedimentation. The residence times of the particles during the puff are much higher than
during the fresh air inhalation. There is also a potential effect from the step function used
for the breathing curve. The instantaneous change in velocity may lead to some sort of
impulse on the particles, thus increasing deposition. This step in the velocity condition is
not realistic. Thus, the deposition may be slightly overestimated in this work.
It is also important to understand that the deposition determined from this and
other models of the upper respiratory tract only show deposition in the areas which are
modeled and only take into consideration the inhalation.

Particles which are not

deposited continue to travel through the reparatory tract. Some particles will deposit in
the lower airways and alveolar sacs. Other particles will be transferred into the blood
stream.

The remaining particles are deposited in the respiratory tract during the

exhalation or are exhaled completely from the body. As such, it is difficult to draw
meaningful conclusions from the depositions reported in this study. It has been shown
that the deposition in adolescents is generally smaller in the upper respiratory tract than
adults, but this does not necessarily mean that smoking is less dangerous for adolescents.
Growing airways create one additional complication.

Research is also needed to

conclude where it is most harmful for particles to deposit. If it is found that cigarette
smoke particles do more harm in the lower airways than the upper airways, it is even
more dangerous for adolescents to inhale smoke particles.
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7 Conclusions and Future Work
7.1 Conclusions
In this work, 2D images and an oral cavity cast were used to create a three
dimensional replica computer model of the upper respiratory tract for both an adult and
an adolescent male. The process consisted of tracing the location of the lung cavities on
the 2D slices and using a computer program to create a 3D model of the region. This was
combined with a digitized oral cavity cast to create the full model. Computational Fluid
Dynamics was used to determine the cigarette smoke particle deposition.
This work helps to quantify the differences in cigarette smoke particle deposition in
the human lung between the adult and adolescent morphologies. In particular, it shows
that there is a greater amount of particle deposition in the adult lung than in the
adolescent lung for the same smoking conditions. It is difficult to draw conclusions
about the harmfulness of cigarette smoke between these two cases since cancer does not
usually develop in adolescents. However, this study does not prove that there is in fact
less deposition in the adolescent lung, only that there is less deposition in the regions
where the geometric models exist. It is possible that since more particles pass through
the upper branches, there is more deposition in the lower branches. It is also possible that
the undeposited particles pass through at an equal rate and are exhaled. In addition, the
exact topology of the adolescent respiratory tract is unknown during smoking. Unknown
differences between adult and adolescent morphologies could also impact deposition
differences.
This research also shows that a great many particles are deposited in the oral cavity
and the carina. This is particularly present when observing larger particles. This is due
to the high inertia of the heavy particles causing a great deal of impaction where the
morphology causes a sharp bend in airflow. In general, a large percentage of the 10
micron particles deposited, greater than 70% in the adolescent model and 90% in the
adult model. The total deposition rates were much smaller for the smaller particles,
approximately 10% in the adolescent case and 25% in the adult case. The adult model,
compared to literature, showed larger deposition for smaller particle sizes in general, but
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a more comparable deposition for larger particles. One possible explanation is the effect
the unsteady breathing profile has on the deposition. This work suggests that current
models in literature may under predict deposition in the upper respiratory tract.

7.2 Limitations and Future Work
This research leaves several areas where further research can be attempted, or where
this research can be improved. One deficiency is the extent to which the respiratory tract
is modeled.

There are many more generations of the lungs past those which are

accounted for in this study. Realistic computational models for the lower branches do not
currently exist due to the resolution of CT and MRI scans and the high computational
cost which would be required to solve for the flow in the extremely high number of lower
airways. In addition, there is still great disagreement about what pre-tracheal airways are
open or closed, such as esophagus and nasal passageways during smoking. In addition,
these airways are not rigid and are able to change shape somewhat depending on a variety
of factors such as breathing conditions and body position. More research is needed to
determine exactly what this region looks like during the puff and fresh air inhalation.
There is also no research showing the unsteady curve associated with the smoking
breathing cycle. There exists only the total volume and time of the puff and fresh air
inhalation of the cycle. A continuous flow rate as a function of time would increase the
accuracy of the unsteady simulation. In addition the outlet boundary condition for the
computational model is unrealistic. The condition used is a 0 gage pressure outlet, but it
is unknown what the pressures should actually be. The boundary condition employed in
this research was used in order to create a possible comparison with future experimental
research. In such experiments, the outlet of a cast of the geometric model would in fact
be at 0 gage pressure. Another limitation of this study is that it only observes one
representative sample for the lung geometry for both the adult and the adolescent. In
reality, morphological differences can affect deposition. This is particularly true in
adolescents where lung development can be at a variety of stages. Creating new adult
and adolescent models would increase confidence in the results. Some of the features of
individual models can also affect the deposition results. The effects of the thickness of
the glottis and the angle of the trachea and lower branches should also be studied in

105
greater detail. The deposition studied in this work is only a small portion of the entire
puzzle. Future models will be required to determine local deposition within the entire
respiratory tract. Models with sufficient complexity cannot be developed with current
technology.
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Appendix A – Matlab Code
Matlab Code to create random particle files for use in Fluent Inlet Boundary Condition
%code to create random particles on x-z plane
%need to specify: number of particles, inlet radius, inlet center
offset,
%particle diameter
R=4.1; %radius of inlet
N = 500; %number of points desired in output file
xoff = 0; %x offset for inlet center
zoff = 0; %z offset for inlet center
diam = 1e-6; %particle diameter
%lines
var1 =
var2 =
var3 =
var4 =
temp =

needed in output text in order for fluent to read
0;
0;
0;
0;
300;

i=0; %variable to keep track of particle count
%open text file for writing
fid = fopen('randomparticle.txt', 'w');
%create loop so that N points are written to file
while i<N;
% generate random vector between -R and R
p=(2*rand(1,2)-1)*R;
%check vector length to make sure if falls within circle of radius
R
r = p(1)^2+p(2)^2;
if r<R
i = i+1;
%create output file
x=p(1)+xoff;
z=p(2)+zoff;
str = sprintf('%f\t',x, yoff, z, var1, var2, var3, diam, temp,
var4);
fprintf(fid, '%s\n', str);
end
end
%close test file
fclose(fid);
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Appendix B – Tabulated Measurement Data
VHM model trachea and main bronchi diameters compared to literature (units in mm)

Study
Visible Human Male (This Study)
Visible Human Female
Oliver et al. (2006)
Eberle et al. (1999)
Griscom and Wohl (1986)
Horsfield and Cumming (1968)
Horsfield et at. (1971)
Weibel (1964)
Yeh and Schum (1980)
Phalen et al. (1985)
Zhou and Cheng (2005)

Trachea
Tr
Ap
18.98
17.94
(2.32)
(1.86)
19.05
12.84
(2.59)
(2.23)
15.7(2.1) 16(2.2)
16(2)
16(3)
13.9(1.1) 14.2(1.8)
16
16
18
20.1
16.0
15.8

LMB
Tr
Ap
11.52
9.86
(.55)
(.53)
12.48
7.09
(1.4)
(1.42)
11.6(2) 10.6(2.2)
10(2)
---12
12
-------------

RMB
Tr
13.56
(.93)
16.94
(1.90)

Ap
13.52
(1.00)
9.47
(1.22)
---12(2)
---10.3
11.1
-------------

VHM model trachea and large bronchi lengths compared to literature (units in mm)

Trachea
108
99
120
100
100

Left Main
Bronchus
49.8
47.7
---40
50

Right Main
Bronchus
28.4
26.0
---26
22

Yeh and Schum (1980)

100

----

----

Griscom and Wohl (1986)

118

----

----

Phalen et al. (1985)

77.8

----

----

Eberle et al. (1999)

----

44

16

Zhou and Cheng (2005)

77.4

----

----

Study
Visible Human Male (This Study)
Visible Human Female
Weibel (1964)
Horsfield and Cumming (1968)
Horsfield et at. (1971)
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VHM model lobar bronchi diameters compared to literature (units in mm)
Right
Superior
Lobar
Bronchus
Study
Visible Male
(This Study)
Visible
Female
Weibel
Horsfield et
al. (1971)
Yeh and
Schum (1980)
Phalen et al.
(1985)

Right
Middle
Lobar
Bronchus

Right
Inferior
Lobar
Bronchus

Left
Superior
Lobar
Bronchus

Left
Inferior
Lobar
Bronchus

long

short

long

Short

long

short

long

short

long

short

10.75

7.65

6.75

6.44

9.09

7.20

11.07

8.18

7.82

6.97

6.24

5.40

3.77

6.37

6.00

9.55

5.39

6.66

8.98

4.49

8.3

8.3

8.3

8.3

8.3

7.3

5.2

6.4

7.5

8.0

11.3

11.3

11.3

11.3

11.3

8.94

8.94

8.94

8.94

8.94

VHM lobar bronchi lengths compared to literature (units in mm)

Author
Visible Male (This
Study)
Visible Female
Weibel
Horsfield et al. (1971)
Yeh and Schum (1980)
Phalen et al. (1985)

Right
Superior
Lobar
Bronchus

Right
Middle
Lobar
Bronchus

Right
Inferior
Lobar
Bronchus

Left
Superior
Lobar
Bronchus

Left
Inferior
Lobar
Bronchus

9.92

15.59

5.54

13.50

6.87

8.99
19
15.6
17.8
14.6

--19
21
17.8
14.6

5.50
19
8
17.8
14.6

11.63
19
16
17.8
14.6

8.78
19
11
17.8
14.6

VHM average measurements for second generation compared to literature (units in mm)

Author
Visible Human
Male
Visible Human
Female
Weibel (1964)
Yeh and
Schum (1980)
Phalen et al.
(1985)

Long
Diameter
10.71(2.21)

Short
Diameter
8.39(1.66)

8.90(1.61)

5.92(1.34)

Length
14.64(9.48)
11.95(4.48)

8.3
11.3

19
17.8

8.94

14.6
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VHM average measurements for third generation compared to literature (units in mm,)

Author
Visible Human
Male
Visible Human
Female
Weibel (1964)
Yeh and
Schum (1980)
Phalen et al.
(1985)

Long
Diameter
5.78(2.01)

Short
Diameter
5.101.98)

6.02(1.63)

4.13(0.91)

Length
7.75(3.84)
6.95(2.57)

5.6
8.3

7.6
9.7

6.6

10.4

VHM average measurements for fourth generation compared to literature (units in mm)

Author
Visible Human
Male
Visible Human
Female
Weibel (1964)
Yeh and
Schum (1980)
Phalen et al.
(1985)

Long
Diameter
3.71(1.83)

Short
Diameter
2.87(1.38)

Length

4.04(1.03)

2.96(0.54)

8.06(0.91)

8.85(4.19)

4.5
6.51

12.7
9.95

3.9

8.0

VHM average measurements for fifth generation compared to literature (units in mm)

Author
Visible Human
Male
Visible Human
Female
Weibel (1964)
Yeh and
Schum (1980)
Phalen et al.
(1985)

Long
Diameter
2.94(1.09)

Short
Diameter
2.43(1.08)

Length

3.53(0.93)

2.57(0.68)

---

---

3.5
5.74

10.7
10.1

3.133

6.838
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VHM average measurements for sixth and seventh generation compared to literature (units in mm)

Author
Visible Human
Male
Weibel (1964)
Yeh and
Schum (1980)
Phalen et al.
(1985)

6th Generation
Long
Short
Diameter
Diameter
2.93(1.46)
2.17(1.43)

7th Generation
Long
Short
Diameter Diameter
3.49(.25) 2.59(.24)

2.8
4.4

2.3
3.7

2.7

2.2

Adolescent trachea and main bronchi measurements compared to literature (units in mm)

Author

Age

Adolescent Male

14

Visible Male
Phalen et al. (1985)
Hofmann (1982)
Griscom and Wohl (1985)

38
14
14
14-16

Trachea
Ap
12.38
(0.49)
17.94
(1.86)
16.89
13.44
14.30(0.6) 14.50(0.8)
Tr
12.06
(1.74)
18.98
(2.32)

Length
96.09
122.20
82.50
105.70
124 (6.0)

Main Bronchi
Tr
Ap
10.22
9.39
(0.44)
(0.30)
12.54
11.69
(0.74)
(0.77)
12.06
11.22
-----

Length
28.63
32.21
35.95
37.08
---

Adolescent second and third generation airway measurements compared to literature (units in mm)
2nd Generation

3rd Generation

Author

Long
Diameter

Short
Diameter

Length

Long
Diameter

Short
Diameter

Length

Adolescent
Male

8.36(1.00)

6.89(1.37)

11.18(5.89)

5.60(1.56)

4.51(1.09)

10.73(6.15)

Visible Male

10.71(2.21)

8.39(1.66)

14.64(9.48)

5.78(2.01)

5.10(1.98)

7.75(3.84)

Phalen et al.
(1985)

8.43

13.8

6.28

9.83
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Adolescent fourth and fifth generation airway measurements compared to literature (units in mm)
4th Generation

5th Generation

Author

Long
Diameter

Short
Diameter

Length

Long
Diameter

Short
Diameter

Length

Adolescent
Male

4.24(0.89)

3.43(1.14)

6.39(2.76)

3.95(1.89)

3.26(1.54)

---

Visible Male

3.71(1.83)

2.87(1.38)

8.85(4.19)

2.94(1.09)

2.43(1.08)

---

Phalen et al.
(1985)

3.75

7.63

2.98

6.48

